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Adipocytes are important in the body for maintaining proper energy balance by 
storing excess energy as triglycerides. However, efforts of the last decade have 

identified several molecules that are secreted from adipocytes, such as leptin, which 
are involved in signaling between tissues and organs.  These adipokines are important 
in overall regulation of energy metabolism and can regulate body composition as well 
as glucose homeostasis. Excess lipid storage in tissues other than adipose can result in 

development of diabetes and nonalcoholic fatty liver disease (NAFLD). In this book we 
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we included several chapters on the mechanism of inflammation modulating organ 

injury. Finally, we conclude with a review on exercise and nutrient regulation for the 
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identified several molecules that are secreted from adipocytes, such as leptin, which 
are involved in signaling between tissues and organs.  These adipokines are important 
in overall regulation of energy metabolism and can regulate body composition as well
as glucose homeostasis. Excess lipid storage in tissues other than adipose can result in 
development of diabetes and nonalcoholic fatty liver disease (NAFLD). In this book
we review the role of adipocytes in development of insulin resistance, type 2 diabetes
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The Sick Adipocyte Theory:  
The Forces of Clustering at Glance 

Valmore Bermúdez et al.* 
Endocrine and Metabolic Diseases Research Center, The University of Zulia, Maracaibo,  

Venezuela 

1. Introduction 
The concept and repercussions of Obesity have evolved alongside Humankind. First seen as 
an advantageous trait in the beginning of time, it´s now a double edged sword definition 
that shows how slowly genometabolic traits are acquired and how quickly can 
environmental factors turn it around.  Being obese is not only a matter of Body Mass Index 
(BMI) and adiposity, its influence stretches out to include  type 2 Diabetes Mellitus (T2DM), 
Psychological disorders like depression, anxiety disorders, and other eating disorders, 
Osteoarticular problems, Metabolic Syndrome, Cardiovascular Diseases (CVD) like 
hypertension, stroke, and myocardial infarction, Neurological disorders, Cancer, and even 
Immunity-related issues, such as low grade inflammation (Must, 1999; Oster, 2000; 
Thompson, 2001; Marchesini, 2003; Adami, 2003; Niskanen, 2004;  Panagiotakos, 2005).  
Obesity has been rising slowly yet steadily ever since the Industrial revolution and its pace 
has increased since the dawn of the 20th Century. Even though nutritional disorders have 
plagued Man, it was common to see that undernutrition and malnourishment were the 
higher numbers around the globe. Yet, the tables were turned when Gardner & Halweil 
published in 2000 that the number of excess-weight patients surpassed the number of the 
underweight population, welcoming Humanity to the supersized phase of the land of milk 
and honey (O´Dea, 1992). In 2006, the World Health Organization reported that by 2005 1.6 
billion above 15 years of age would be overweight and at least 400 million would be obese, 
while it is predicted to reach 2.3 billion of overweight and over 700 million of obese adults 
by the year 2015 (World Health Organization [WHO], 2006). The figures published by Kelly 
et al, 2008 darken the scope, predicting that by 2030 1.12 billion individuals will be obese 
and 2.16 million will be overweight. 
There are many factors that have influenced the increasing prevalence of obesity worldwide, 
and have influenced the scientific community to coin the term obesogenic environment 
(Egger & Swinbum, 1997) as the external factors that act as “second hit” triggers in the 

                                                 
*Joselyn Rojas1,2, Miguel Aguirre1,3,  Clímaco Cano1, Nailet Arraiz1, Carlos Silva Paredes1, 
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multifactorial theory of obesity (see Figure 1). Many factors have been nominated and 
proven key to the etiology of obesity, such as dietary energy intake, physical activity, 
intrauterine environment (fetal programming), and other comorbidities like alcohol intake, 
physical disabilities, endocrine disorders, drug treatments, among others (Pi-Sunyer, 2002; 
Caballero, 2007). Physical activity has become fundamental in the intervention strategies for 
primary (Pate et al., 1995) and secondary prevention (Thompson, 2003) in obese patients, 
since it has been portrayed as a major independent risk factor for coronary artery disease 
(Fletcher et al., 1992). It can be defined as any voluntary skeletal muscle movement that 
consumes energy, usually measured by at least 30 minutes of physical activity that 
consumes at least 4 METs (i.e. brisk walk) (Dunn et al., 1998). On the contrary, physical 
inactivity (sedentarism) is the lack of these ~ 30 minutes of energy consumption a day 
(Dunn et al., 1998), resulting in positive energy balance. 
 

 
Fig. 1. The Two Hit proposal of obesity. A subject who is genetically-prone to obesity – 
either due to a monogenic syndrome, associated polymorphisms or imprinting (as seen in 
utero) have the first hit intrinsically. If he is subject to an obesogenic environment and 
subsequently develops an obesogenic behaviour (second hit), the end result will be 
progressive weight gain till obesity values are achieved. The obesogenic factors include high 
fat/carbohydrate diet, low physical activity, alcohol and smoking habits. 

One of the interesting aspects about the term “physical activity” is that it´s used as an 
interchangeable term between “cardiorespiratory fitness”, but they aren´t defined equally 
nor do they have the same impact on the patients. Physical activity relates to energy 
expenditure while cardiorespiratory fitness relates to oxygen supplition by the heart. 
However, both terms can relate to the same definition but they don´t explain the same 
aspects. In a meta-analysis by Williams, 2001 concludes that these terms should be treated as 
different and independent risk factors, findings that are similar to those reported by Hein et 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

5 

al., 1992 concerning 4,999 men who were followed for 17 years in the Copenhagen Male 
Study, using physical fitness and leisure time physical activity as risk factors for ischemic 
heart disease (IHD). This team reported that being very fit offers no protection to IHD when 
sedentary, and being unfit and sedentary offers higher risk for this disease. Other studies 
have examined the relationship between fitness and sedentarism [Fletcher et al., 1996; 
Rosengren et al., 1997; Pollock et al., 2000; Blair et al., 2001)  demonstrating without a doubt 
that sedentarism has been underestimated for a long time (Saltin, 1992).  

2. Set 
A sedentary patient is a real conundrum, and each one is unique especially if 
overweight/obese. Adiposity varies in degree and distribution, being classified according to 
anatomical location as subcutaneous and visceral adipocytes, each with a different metabolic 
profiling. 

2.1 Adipocytes  
Classically, white adipose tissue – adipocytes are recognized as the lipid-storing 
professional cells, and we remark professional because other types of cells can accumulate 
lipids yet it is not their main objective, as can be seen with myocytes, β-cells and neurons. 
The key feature of the mature adipocyte is that it can store fat without compromising its 
integrity or anatomy. The ontogeny of the adipocytes is still poorly understood, yet the 
process is being researched relentlessly (Gregoire et al., 1998; Darlington et al., 1998; 
Godínez-Gutiérrez et al., 2002)].  Mesenchymal stem cells differentiate into adipoblasts, 
which subsequently express early transcription markers and enter the preadipocyte I phase; 
the markers for the preadipocytes are α2Col6, Lipoprotein lipase, IGF-1 and Krox20. Once 
the cell´s fate has been decided, mitosis and clonal expansion begins entering the pre-
adipocyte II phase, characterized by active C/EBPβ/γ, SREBP-1, PPARγ2 and KLF5. Maturity 
of the cell cannot begin until it leaves the cell cycle and starts differentiation in coordination 
with upregulation of late markers which induce cell arrest and begin lipid accumulation: 
C/EBPα, GLUT4, Perilipin, TNF-α, TGF-β, lipogenic and lipolytic enzymes. The mature 
adipocyte develops when the markers include the expression and adipocyte-related 
hormones, cytokines and enzymes related lipid storage and release towards blood 
circulation. Perhaps the most interesting aspect of adipocyte differentiation is how 
preadipocytes are driven towards adipocyte profile (Fu et al., 2004; Simons et al., 2005; Sethi 
et al., 2007), which is all a gameplay of members of the Peroxisome-Proliferator-Activated-
Receptors and the CCAAT-enhancer-binding protein (C/EBP) families. The first step is the 
short-term expression of C/EBPβ and C/EBPγ2, followed closely by C/EBPα which 
activates PPARγ2, responsible for the adipogenesis genetic program. The sterol-response-
element-binding-protein-1c (SREBP1c) activates the lipogenic program through PPARγ, 
finalizing the accomplishment of the differentiated phenotype; see Figure 2. 
The mature adipocyte (Gregoire, 2001; Kershaw et al., 2004; Halberg et al., 2008) is a very 
specialized cell which is the center of energy storage and provision mechanisms, which is 
under a very tight central and peripheral control. Besides the basic anatomical role, the 
adipocytes are also endocrine cells which secrete several factors including leptin, adipsin, 
angiotensinogen, adiponectin, TNF-α, acylation stimulation protein, SPARC (secreted 
protein acidic and rich in cysteine), and PGAR/FIAF (PPARγ, Angiopoietin related/fasting-
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induced adipose tissue). This adipocyte secretome incorporates adipose tissue to 
immunologic processes with low grade inflammation phenomena and autoimmunity-
related diseases, and angiogenesis due to synthesis of angiogenic factors, various effects 
from macrophagic-related substances, extracellular matrix deposition and metalloproteinase 
remodeling (Frünbeck et al., 2001; Kershaw, et al., 2004). Given these features is not unusual 
to find that adipose tissue is part of several axes  such as the adipo-insular axis (Kieffer et al., 
2000; Vickers et al., 2001) [36-37], the adipocyte-vessels-brain axis (Elmquist et al., 2004; 
Guzik et al., 2007; Mietus-Snyder et al., 2008), and the adipocyte-myocyte axis (Sell et al., 
2006; Taube et al., 2009).  
 

 
Fig. 2. Adipogenesis. The mature adipocyte goes through several stages of maturation until 
the professional lipid-storing profile is achieved. The interplay between CCAAT-enhancer 
binding protein (C/EBP) isoforms with Peroxisome-Proliferator-Activated Receptor-γ 
(PPARγ) ensures the progression towards final differentiation once the preadipocyte II has 
left the cell cycle. As long as Cyclin D1 is active, progression to a G0 phase will be difficult – 
almost impossible – since this factor inhibits the differentiation transcription factors. 
Thiazolinilediones (TZD) are known agonists of the PPARγ enhancing the adipogenic 
program. 

2.2 Myocytes 
Sarcomeres are the functional elements of muscles cells. The contractile unit is composed of 
myosin fibers and actin, whose interaction allows the shortening of itself, displaying as a 
contracted myocyte. There are several classifications for muscle cells (Scott et al., 2001), yet 
the biochemical differentiation is discussed here. Muscle fibers are classified (Pette & Staron, 
1997; Bassel-Budy & Olson, 2006) in Type I, Type IIa, Type IId/x, and Type IIb, having 
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particular metabolic properties, a) fast-twitch glycolytic fibers (types IIx and IIb), b) fast-
twitch oxidative fibers (type IIa), and c) the slow-twitch oxidative fibers (type I). 
Dynamically, muscle fibers are classified as slow-twitch and fast-twitch motor units, and the 
fast fibers are subdivided in fast-twitch fatigue-resistant, fast-twitch fatigue-intermediate, 
and fast-twitch fatigable. Humans have a mixture of these muscle fibers and the number 
changes as the weight/metabolic profile is modified throughout life. Obese subjects are 
known to have few type I fibers and more type IIb fibers compared to lean subjects (Hickey 
et al., 1995). Tanner et al., 2001 reported that obese African-American women had low levels 
of type I fibers, and lower levels compared to obese Caucasian women, which reflects that 
fiber content also varies according to ethnicity. 
Skeletal muscle is more than just the motor unit which gives us the possibility of movement, 
it´s also the most important tissue for glucose disposal, making it an essential part in energy 
metabolism (DeFronzo et al., 1985) and the primary target for insulin-resistance related 
disturbances (Lillioja et al., 1987). The disposal of glucose into skeletal muscle is fiber-
specific, being greater in type I fibers compared with type IIa and IIb (Song et al., 1999) [50]. 
Type I/slow twitch oxidative myocytes are more efficient in regards of insulin binding, 
enhanced insulin receptor and post-receptor cascade activities, and higher GLUT4 
translocation, compared to Type II/fast-twitch glycolytic myocytes; this suggests that 
insulin´s actions are more oxidative than glycolytic. Type II muscle fibers are insulin resistant 
(Henriksen et al., 1990; Henriksen & Holloszy, 1991) giving a partial explanation to the 
insulin resistance observed in obesity, which is also associated with abnormal lipid 
partitioning and intramuscular lipid accumulation.  

2.3 The sick and the dying 
In obesity, myocytes are sick while adipocytes die slowly due to asphyxiation. The 
interaction of both is what makes the adipocyte-myocyte axis so important in obesity and 
related diseases including Type 2 Diabetes; see Figure 3. 
Plasticity – the ability to non-reversibly adapt to external load/pressure – can be seen in 
adipocytes, expressed as hypertrophy and hyperplasia (Arner et al., 2010). In overfed states, 
adipose tissue´s capacity to store excessive energy safely reaches its limit, causing a “spill-
over” effect all over the body. This nutritional overload mechanism and subsequent damage 
can be seen in models for catch-up growth (Dulloo et al., 2009; Summematter et al., 2009), 
where refeeding states are associated with hyperinsulinemia, lipogenesis, plasma membrane 
switching from polyunsaturated fatty acids to saturated fatty acids, increased triglyceride 
production, ending in adipocyte hypertrophy and glucose intolerance. How plasticity can be 
associated to insulin-resistance is a very complex scenario. Genetic background – thriftiness – 
is a strong influential factor (Lindsay et al., 2001; Kadowaki et al., 2003; Prentice et al., 2005). 
Thrifty related genes and metabolic profiles ensure that all excess energy ingested will be 
“efficiently” stored, reminiscing those famine/feast days of the hunter-gatherers or the 
postnatal days of intrauterine-growth-restricted newborns. Thrifty traits have many targets 
(Prentice et al., 2005), yet 2 are essential: metabolic thrift, which is focused on mitochondrial 
electronic transport, protein turnover, fuel channeling, and substrate cycling, and 
adipogenic thrift, which relates to proneness of fat gain.  
The physiological adaptation to overnutrition is not without intricacy, since 2 theories have 
been proposed. The adipokine dysregulation conveys the fact that overfed states triggers 
changes in the quantum and quality of the substances expressed in the adipocyte, for 
example, adiponectin secretion is lowered in obesity (Arita et al., 1999; Weyer et al., 2001), 
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it´s also the most important tissue for glucose disposal, making it an essential part in energy 
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specific, being greater in type I fibers compared with type IIa and IIb (Song et al., 1999) [50]. 
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enhanced insulin receptor and post-receptor cascade activities, and higher GLUT4 
translocation, compared to Type II/fast-twitch glycolytic myocytes; this suggests that 
insulin´s actions are more oxidative than glycolytic. Type II muscle fibers are insulin resistant 
(Henriksen et al., 1990; Henriksen & Holloszy, 1991) giving a partial explanation to the 
insulin resistance observed in obesity, which is also associated with abnormal lipid 
partitioning and intramuscular lipid accumulation.  

2.3 The sick and the dying 
In obesity, myocytes are sick while adipocytes die slowly due to asphyxiation. The 
interaction of both is what makes the adipocyte-myocyte axis so important in obesity and 
related diseases including Type 2 Diabetes; see Figure 3. 
Plasticity – the ability to non-reversibly adapt to external load/pressure – can be seen in 
adipocytes, expressed as hypertrophy and hyperplasia (Arner et al., 2010). In overfed states, 
adipose tissue´s capacity to store excessive energy safely reaches its limit, causing a “spill-
over” effect all over the body. This nutritional overload mechanism and subsequent damage 
can be seen in models for catch-up growth (Dulloo et al., 2009; Summematter et al., 2009), 
where refeeding states are associated with hyperinsulinemia, lipogenesis, plasma membrane 
switching from polyunsaturated fatty acids to saturated fatty acids, increased triglyceride 
production, ending in adipocyte hypertrophy and glucose intolerance. How plasticity can be 
associated to insulin-resistance is a very complex scenario. Genetic background – thriftiness – 
is a strong influential factor (Lindsay et al., 2001; Kadowaki et al., 2003; Prentice et al., 2005). 
Thrifty related genes and metabolic profiles ensure that all excess energy ingested will be 
“efficiently” stored, reminiscing those famine/feast days of the hunter-gatherers or the 
postnatal days of intrauterine-growth-restricted newborns. Thrifty traits have many targets 
(Prentice et al., 2005), yet 2 are essential: metabolic thrift, which is focused on mitochondrial 
electronic transport, protein turnover, fuel channeling, and substrate cycling, and 
adipogenic thrift, which relates to proneness of fat gain.  
The physiological adaptation to overnutrition is not without intricacy, since 2 theories have 
been proposed. The adipokine dysregulation conveys the fact that overfed states triggers 
changes in the quantum and quality of the substances expressed in the adipocyte, for 
example, adiponectin secretion is lowered in obesity (Arita et al., 1999; Weyer et al., 2001), 
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while resistin´s is enhanced (Steppan et al., 2002; Vendrell et al., 2004). The second theory is 
based on ectopic fat accumulation of lipids in myocytes, hepatocytes and β-cells, where 
intramyocellular lipids correlates to insulin resistance (Virkamäki et al., 2001; Moro et al., 
2008).  
The continued stimulus and lipid accumulation makes the adipocyte (140 – 180 μm in 
diameter [Brook et al., 1972]) hypertrophy but the size of the cell is limited by the oxygen 
supply. Hypoxia (Hosogai et al., 2007) and increase synthesis of secretory proteins 
(Marciniak & Ron, 2006) are the main cause for adipocyte´s endoplasmic reticulum (ER) 
stress via the unfolded protein response (UPR) pathway. The latter proposal is quite simple 
to grasp since never-ending signals for secretion goes awry when the unfolded protein in 
the ER lumen surpasses the folded proteins quota due to a) lack of necessary components 
for the synthetized molecule, b) frequency of the secretion signal, and 3) shortage of 
chaperone proteins due to “sequestration” within the abnormal proteins accumulated 
within the lumen. This traffic alteration has been linked to several diseases including Type 2 
diabetes (Scheuner & Kaufman, 2008), Tumor hypoxia and prognosis (Koumenis & Wouters, 
2006), Alzheimer´s (Kudo et al., 2006) and Parkinson´s Disease (Ryu et al., 2002).  
In 2004, Trayhurn & Woods suggested for the first time that it was hypoxia the culprit for 
low-chronic inflammation of obesity, conveying that as the adipose tissue advances and the 
outer sectors become hypoxic, inflammatory cytokines and acute phase proteins are locally 
secreted to enhance angiogenesis and stop the vicious cycle. Hypoxia in adipose tissue is 
due to hypoperfusion, especially after the 100 μm diameter phase of the hypertrophic 
adipocyte, suggesting that achieving 180 μm is a hypoxic state (Ye et al., 2007). In adipose 
tissue, low oxygen levels can alter gene expression, being related to decreased adiponectin 
mRNA, which is controlled by C/EBP and is inhibited by UPR-induced CHOP (C/EBP 
homologous protein) (Hosogai et al., 2007). It also can modify adipocyte secretome (Wang et 
al., 2007), resulting in enhanced expression of Hypoxia Induced Factor-1α (inducing GLUT1 
mRNA), IL-6, leptin, Plasminogen activator inhibitor 1 (PAI-1), and Vascular Endothelial 
growth factor (VEGF), while haptoglobin and adiponectin are markedly decreased. Taking 
this one step further, hypoxia inhibit insulin post-receptor cascade though HIF-1α and HIF-
2, which is thought to be crucial for the insulin resistance state observed in obese patients 
(Regazzetti et al., 2009); this is mediated by lowered autophosphorylation of the insulin 
receptor by means yet to be understood, but apparently it involves the mTOR (mammalian 
target of rapamycin) (Dann et al., 2007), S6K pathway (Um et al., 2006) and subsequent 
activation of NF-κB (Michiels et al., 2002). Almost 6 years later, hypoxia is now known to be 
a glucose metabolism modulator, which at first can induce glucose uptake – via GLUT1 
synthesis and export – but can later decreased due to IRS-1 and insulin receptor 
phosphorylation, while at the same time, it can induce free fatty acid (FFA) release, leading 
to adipocyte dysfunction and worsening of peripheral insulin resistance (Yin et al., 2009; 
Copps et al., 2009). 
To finally dissect adipocyte´s cyanotic life, macrophages enter the picture. Adipose tissue is 
not a homogenous organ, in fact is very heterogeneous and is populated with adipocytes, 
fibroblasts, vascular endothelia and immunologic cells. One of these, are the macrophages, 
who contribute significantly to the inflammatory array of signals being sent from the 
adipocyte (Weisberg et al., 2003). Insulin resistance depends of the abdominal adipose tissue 
distribution and plasticity, rather than pre-adipocyte and small adipose cells (Hauner, 2010). 
Adipose tissue macrophages are responsible perpetuating pre-adipocyte state and 
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differentiation signal (Lacasa et al., 2007), by secreting TNF-α and IL-1, known suppressors 
of the adipogenic program via NF-κB which quashes PPARγ dependent genes. 
Macrophage´s secretome include VEGF, TNF-a, IL-1b, IL-6, reactive oxygen species (ROS), 
and prostaglandins. Monocyte recruitment towards the adipose tissue is regulated by many 
molecules, but C-C motif chemokine ligand 2 (CCL2) and its receptor (CCR2) are perhaps 
the most important ones (Bruun et al., 2005), so importantly that blocking macrophage 
infiltration surrounding dead/dying adipocytes is a proper therapeutic goal (Bruun et al., 
2005).  
 

 
Fig. 3. The Sick and the Dying. This diagram depicts the effects of elevated free fatty acids 
(FFA) and hyperglycemia on adipocytes and myocytes, as it is observed in obese patients. 
Once the injury is fixed and has reach a point of no return, both cells begin plasticity to cope 
with the hostile environment. The sick myocyte loses sarcomeres at the expense of 
intramyocellular lipid droplets, which are source of acyl~CoAs, diacylglycerol (DAG) and 
ceramides, who in turn focus on serine/threonine phosphorylation of Insulin receptor and 
IRS-1, blunting the insulin pathways – becoming insulin resistant- Meanwhile, the growing 
adipocyte becomes hypoxic, releasing several cytokines who in turn affect myocyte´s 
already weaken metabolism, perpetuating the metabolic disturbance. As the adipocytes die 
in the sidelines of the adipose tissue, macrophages are recruited, worsening the 
inflammatory microenvironment.  

The progressive growth and demise of adipocytes have collateral damage – a very sick 
insulin resistant skeletal myocyte. The sick myocyte not only has impaired insulin signaling, 
but also decreased expression of myogenin (muscle-specific transcription factor involved in 
myogenesis), IL-6, IL-8 and MCP-1 (monocyte chemotactic protein), with higher ceramides 
levels and lower mitochondrial capacity (Sell et al., 2008). How the muscle becomes insulin 
resistant is (still) a matter of debate, even though several mechanisms have been proposed. 
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Sir Phillip Randle (1963) was the first one to formulate a theory trying to explain how fuel 
substrates changed in muscle and how this would explain skeletal muscle insulin resistance 
(Randle et al., 1963). The Randle´s Hypothesis (glucose-fatty acid cycle) proposes that FFA 
compete with glucose as fuel substrate for mitochondrial oxidation, increasing β-oxidation 
within the myocyte. The consumption of FFA would in turn inhibit pyruvate 
dehydrogenase and phosphofructokinase, acting as barriers in the glycolytic pathway and 
reduced glucose uptake and oxidation. Over 30 years later, Shulman, 2000 singlehandedly 
dethroned Randle´s hypothesis, by stating that low FFA intramyocellular metabolism or 
enhanced lipid uptake leads to cytosolic accumulation of metabolites such as diacylglycerol, 
ceramides and acyl~CoA, which in turn activate serine/threonine kinase (PKC) cascade that 
end with the phosphorylation and inhibition of Insulin Receptor and IRS-1, blunting insulin 
post-receptor pathways, decreasing PI3-k activation and glucose uptake via GLUT4.  
Beyond the glucose utilization bluntering, others morphological changes occur within the 
sick myocyte. Skeletal muscle also shows plasticity traits, anatomical and functional. It can 
use glucose or lipids for fuel production; however, in obesity lipid oxidation is decreased 
due to diminished enzyme capacity and reduced carnitine-palmitoyl transferase 1 (CPT1) 
activity (Kelley et al., 1999). Triglyceride (TAG) accretion in muscle can be attributed to 2 
causes: reduced fatty acid oxidation (Kim et al., 2000) or enhance TAG synthesis (Hulver et 
al., 2003). Intramyocellular lipids (IMCL) are a far better predictor of muscular insulin 
resistance than BMI or waist-hip ratio (Pan et al., 1997), and it inversely correlates to visceral 
visfatin levels (Varma et al., 2007). IMCL turnover determines the amount of accumulation 
inside the myocyte, which modulates the level of lipid metabolites that can alter the PI3K 
pathways, via activation of PKC isotypes. Breakdown of the IMCL results in acyl~CoAs 
which can be readily oxidized in mitochondria (Guo, 2007), but it has been reported that 
obese mitochondria are slow oxidizers (mitochondrial dysfunction [Rabøl et al., 2010; Pagel-
Langenickel et al., 2010]) and are positioned in different parts of the cytosol, slowing 
oxidation and increasing the cytosolic lipid droplet, making this lipid handling alteration a 
metabolic risk for insulin resistance (Koonen et al., 2010). There is a paradox in this whole 
IMCL issue: highly trained athletes use IMCL as a source for energy during exercise (Klein 
et al., 1994), so it makes for quite a riddle. Since from a sports point of view IMCL is 
advantageous, then the harm is not whether the IMCL are formed or not, it´s the availability 
of toxic lipid intermediates. 
Now, how does a dying adipocyte, full of TAG and choking on ER stress, can make the 
susceptible myocyte sick? Since adipose tissue is considered an endocrine organ, then cross-
talks with other organs is plausible. The first evidence of this dialogue was published by 
Dietze et al., 2002 using skeletal myocytes cultured in the same medium as adipocytes. They 
reported a profound disturbance in insulin signaling, characterized by nulled insulin-
stimulated phosphorylation of IRS-1, reduced Akt activation, inducing an insulin resistant 
state. Several of the adipokines have been implicated in the process, including TNF-α 
(Hotamisligil, 1999), resistin (de Luis et al., 2009), IL-6 (Rotter et al., 2003), leptin 
(Shimomura et al., 1999), adiponectin (Yamauchi et al., 2001), MCP-1 (Sartipy et al., 2003) 
and RBP-4 (Graham et al., 2006), among others. One important feature between adipose-
induced muscle insulin resistance is the role of the macrophages, which are slowly 
becoming pivotal for (adipose) and skeletal muscle insulin resistance. Macrophages cultured 
with palmitate serum medium secrete major proinflammatory cytokines that lower insulin 
action (Samokhvalov et al., 2009) via JNK mediated decreased phosphorylated Akt (Varma 
et al., 2009). SIRT1, a member of the Sirtuin family of NAD-dependent deacetylases, is able 
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to blunt macrophages capacity for inducing insulin resistance in Zucker fatty rats, shedding 
light to the complex axis (Yoshizaki et al., 2010). All in all, adipokine mediators are able to 
induce reversible (regeneration of myotubes and IL-6 secretion) and irreversible (IL-8 and 
MCP-1 secretion and myogenin expression) changes in the muscle proteome promoting 
insulin resistance in the myocyte (Sell et al., 2008; Kewalrami et al., 2010).  

3. Go 
3.1 Glycemic control 
Physical activity and diet are the primary tools to intervene and modify lifestyle in the obese 
patient, yet it’s not exclusive, since these strategies can also be applied to type 2 diabetics, 
hypertensive patients, and other insulin-disturbances related diseases. Physical activity can 
be defined as any daily activity undertaken for at least 30 minutes a day that ends in caloric 
consumption, and it´s deficiency is considered an individual risk factor for cardiovascular 
disease (Carnethon, 2009). It has been proposed the basic etiology of complex diseases is 
associated with disturbances of oxygen metabolism (Koch & Britton, 2008), making 
cardiorespiratory fitness a fine predictor for health risk (Lee et al., 2005), metabolic 
syndrome  (LaMonte et al., 2005) and type 2 diabetes (Sawada et al., 2010). Regular exercise 
improves glycemic control, weight reduction and manages metabolic risks associated with 
adiposity. The molecular basics for this improvement have been extensively reviewed 
somewhere else (Hayashi et al., 1997; Hamilton et al.; 2000, Rose et al., 2005) and are shown 
in Figure 4. The mechanisms that are at play to ensure glucose uptake and consumption 
seem redundant since it centers on the translocation of GLUT4 towards the membrane, 
enhanced by AMPK, Ca++/Calmodulin dependent protein kinase , and Nitric Oxide, and act 
as insulin mediators during and after exercise mediating increases glucose and fatty acid 
oxidation (Turcotte & Fisher, 2008). The main destination of glucose uptake is to replenish 
the glycogen stores in the skeletal muscle, and it does not depend on insulin signaling, since 
there is no increase IRS-1, IRS-2 or PI3K activation.  
Focusing on the muscle fibers, constant exercise is known to induce a switch of muscle fibers 
towards the type I ones. Fiber shifts are thought to be the end result of fast myosin chain 
induction, with concomitant reduction of slow type I myosine. This muscle functional 
plasticity can be induced by any type of exercise, endurance, sprint or heavy resistance 
(Andersen et al., 1994; Fitts, 2003). The basic changes of fibers is characterized by reduction 
of type IIb percentage with slow increase of type IIa and type I, turning muscle metabolism 
into an oxidant kind over time, and become resistant to fatigue since the myocyte recovers 
from “metabolic stunnedness” and efficiently synthetizes ATP during and after exercise. 
The mechanisms underlying these adaptations are still poorly understood, but it is possible 
that AMPK and calcineurin activate parallel pathways that control myocyte adaptation 
(Röckl et al., 2007).  
AMP-activated protein kinase (AMPK) is a pivotal regulator of intracellular energy during 
stressful states like starvation, hypoxia, exercise, among others, and it is central in the 
hormonal control of metabolic processes that consume or produce ATP (Lim et al., 2010). 
AMPK is active when AMP/ATP ratio rises, inhibiting ATP consuming pathways and 
enhancing ATP producing processes like glucose and FFA oxidation. During exercise, 
AMPK is activated and immediately phosphorylates and inhibits acetyl~CoA carboxylase 
(ACC), the key enzyme that synthetizes malonyl~CoA – negative allosteric modulator of 
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and RBP-4 (Graham et al., 2006), among others. One important feature between adipose-
induced muscle insulin resistance is the role of the macrophages, which are slowly 
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with palmitate serum medium secrete major proinflammatory cytokines that lower insulin 
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CPT1. Once CPT1 is released from control, β-oxidation continues full force (Musi et al., 
2001). AMPK also modulates glycogen synthesis by increasing glucose availability inside the 
cell via phosphorylation and inhibition of Akt-Substrate 160 (AS160), main break for 
translocation of GLUT4 vesicles, and, regulates IMCL breakdown via phosphorylation of 
Hormone sensitive lipase (Jørgensen et al., 2006). And on a final note, AMPK can modulate 
the expression of GLUT4 by regulating GLUT4 enhancer factor (GEF) and myocyte enhancer 
factor 2 (MEF2) (Holmes et al., 2005) guaranteeing an appropriate glucose-uptake 
phenotype. Calcineurin – cyclosporine-sensitive, calcium-regulated serine/threonine 
phosphatase – is an enzyme that controls the signaling pathway for myogenic processes by 
modulation of the MyoD and MEF2 transcription factors (Chin et al., 1998), considered 
fundamental for fiber remodeling (Schiaffino et al., 2002; Bassel-Duny et al., 2003) with 
PPARδ as downstream effector (Wang et al., 2004).  
 

 
Fig. 4. Molecular basics of exercise. Once the AMP/ATP rises continuously according to 
muscle workout, AMPK kinase (AMPKK) is activated, alongside Ca++/calmodulin 
dependent Kinase (CaMK), both known to phosphorylate the a-subunit of AMPK, activating 
it.  AMPK then inhibits by phosphorylation Acetyl~CoA Carboxilase, enzyme known to 
synthetize malonyl~CoA, main negative modulator of carnitine-palmitoyl transferase 1 
(CPT1); blocking malonyl~CoA synthesis, β-oxidation is enhanced, using free fatty acids 
(FFA) from circulation and from lipid storage inside the myocyte. Secondly, AMPK activates 
PPARγ coactivator 1α (PGC-1α) which co-induces the PPARγ adipogenic program. Next, 
AMPK phosphorylates and activates endothelial Nitric Oxide Synthetase, which generates 
nitric oxide which serves as a vasodilator (increasing and maintaining blood flow) and is 
also an enhancer of GLUT4 translocation. Finally, AMPK phosphorylates Akt Substrate 160 
(AS160), who is blocking Rab-GTPase molecule from initiating the movements of the GLUT4 
vesicles towards the membrane. Once AS160 is “neutralized”, GLUT4 are exported to the 
plasma membrane, increasing glucose uptake. 
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Insulin sensitivity restoration is a bit more complicated.  Muscle straightening activity has 
been known to enhance sensitivity among adults, serving as proper program to reduce 
insulin resistance (Cheng et al., 2007). Glucose uptake and IMCL turnover have been 
implicated, yet there is paradox lingering around, endurance athletes have higher 
intramuscular lipids but are highly insulin sensitive (Goodpaster et al., 2001; Meex et al., 
2010). Now, this beneficial effect can be obtained whether acutely – daily muscle contraction 
inducer energy flux – and by chronic modifications – mitochondrial oxidative capacity and 
induced GLUT4 expression (Thyfault, 2008; Jiang et al., 2010).  

3.2 Thriftiness 
As we have formerly mentioned, exercise is associated with modification of gene 
expression, specially affecting genes that control energy deposit and consumption, even in 
high training statuses. The Thrifty genotype theory published in 1962 (Neel, 1962) proposed 
that genes that favored energy saving during feast/famine cycles in the Late Paleolithic Era 
were incorporated into the human genome, because they were advantageous during famine 
phases. Exercise can modify gene expression according to the type of activity exerted, for 
example, aerobic exercise (endurance) is not associated with increased phosphorylated 
p70S6K, but high resistance work-out is indeed related (Sherwood et al., 1999). Wendorf & 
Goldfine, 1991 proposed that during those hunter-gatherers years a selective insulin 
resistance in muscle had to be imposed, to avoid hypoglycemia during fasting and allow 
energy storage during feeding, traits that would turn disastrous in a sedentary individual, 
such as the obese patient.  Evidence of this theory can be seen in different racial groups all 
around the world. The Arizona Pima Indians have the highest prevalence of diabetes in the 
world with increased sedentarism, compared to the Mexican Pimas (Valencia et al., 1999) 
and the scenario is similar with the Pacific Islanders in Asia (Zimmet et al., 1990). Needless 
to say, physical inactivity is then associated with insulin resistance and the genetic 
implications of exercise and its mediators are an important aspect of the whole concept, and 
in desperate need of continuous investigation (Abate et al., 2003; Chakravarthy et al., 2004). 

3.3 Inflammation 
Other metabolic changes are observed during physical training in obese patients, such as 
anti-inflammatory effects. In previous sections, the low-grade inflammation 
characteristically seen in obesity was discussed.  Pedersen et al., 2007 reported that since the 
muscle was able to release cytokines under exercise conditions, these signaling molecules 
should be named myokines and the para/endocrine effects should be separated from their 
usual physiological profile.  
Interleukin-6 is perhaps the most important of these myokines, yet the muscle is known to 
secrete IL-8, IL-15, IL-10 and IL-1ra, and very intense exercise can induce TNF−α secretion 
(see Table 1) (Petersen et al., 2005; Marini et al., 2010). The IL-6 expression and release patter 
is astounding, with a 100-fold level in response to exercise. The dilemma lies in this: how 
does a known insulin resistance-mediating molecule can exert protective effects? The 
answer lies in the true inflammatory levels and profiles. It has been suggested that IL-6 
plays a villain role in the metabolic syndrome, alongside TNF-α. Nevertheless, Kubaszek et 
al., 2003 reported that the risk genotypes for metabolic disturbances (including obesity and 
type 2 diabetes) are characterized by increased transcription of TNF-α with decreased 
expression of IL-6. Now, the reader needs to me reminded that TNF-α triggers the release of 
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type 2 diabetes) are characterized by increased transcription of TNF-α with decreased 
expression of IL-6. Now, the reader needs to me reminded that TNF-α triggers the release of 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

14

IL-6, not the other way around, so it´s logical to conclude that adipocyte derived TNF-α 
induces local expression of IL-6 in the adipose tissue (Pedersen et al., 2007), which correlates 
with the fact that IL-6 is not overtly elevated in diabetic patients and is not highly expressed 
in lean patients with insulin resistance (Carey et al., 2004). The insulin-sensitizing effects of 
IL-6 are still controversial, yet it has been reported that the myokine enhances glucose 
uptake and glycogen synthesis in the myocyte, via activation of AMPK while reducing TNF-
α levels (Pedersen et al., 2007). 
 

Myokine Locus Effect 

IL-6 7p21 Anti-inflammatory when secreted before TNF-α (Carey et al., 
2004; Pedersen et al., 2007). 

IL-8 4q12-
q13 

Angiogenesis and neutrophil chemoatraction thru the CXCR2 
(Freydelund et al., 2007). 

IL-15 4q31 Reduction of body fat, especially visceral body fat (Carbó et al., 
2001; Acharyya et al., 2004) 

IL-10 1q31-
q32 

Downregulation of Proinflammatory cytokines and chemokines 
(de Vries, 1995; Acharyya et al., 2004) 

IL-1ra 2q14.2 
Restriction and modulation of the inflammatory response during 
exercise (Ostrowski et al., 1999; Opal et al., 2000; Suzuki et al., 
2000) 

Table 1. Myokines and their effects concerning Obesity and Metabolic Syndrome. 

Parallel to IL-6 effects, IL-15 has progressively risen as a major modulator of fat metabolism 
and muscle accretion in skeletal muscle over the past 15 years, which have been discussed 
elsewhere (Carbó et al., 2000;  Quinn et al., 2008; Argilés et al., 2009), yet the following 
aspects need to be discussed. IL-15 is a cytokine which is related to NK cell maturation, 
which actions are not reserved for the immunology universe. This protein is synthetized 
also by placenta, muscle and other tissues, supporting the idea of non-immune functions in 
such organs. Muscle hypertrophy at the expense of myotube accretion by inhibition of 
protein degradation is observed in animal models (Quinn et al., 2002), and this has been 
proposed as a therapeutic option for wasting syndromes such as cancer (Carbó et al., 2000) . 
This effect is probably due to induction of PPAR-δ which mediates protein synthesis in such 
cells. As for adipose tissue, the cytokine has been related to reduce lipid accumulation in 
pre-adipocytes enhancing their differentiation, and inducing adiponectin secretion in 
matured adipocytes (Quinn et al., 2005). These findings were further confirmed, when it was 
proven that IL-15 effect also reached brown adipose tissue, with an acute induction of 
thermogenesis via upregulation of Uncoupling Proteins 1 and 3, PPAR-δ and –α and a final 
association with reduction of white adipose tissue mass (Almendro et al., 2008). The 
evidence pointed to a more multifaceted muscle-adipose axis with IL-15 as remote 
modulator (Quinn et al., 2009) when secreted from skeletal muscle, inducing GLUT4, 
enhancing glucose utilization, reducing adipose deposition and adipocyte size. Further 
studies have linked polymorphisms of IL-15 and metabolic syndrome propensity, including 
the following protein SNPs: rs1589241, rs1057972 (Pistilli et al., 2008), with a unique relation 
to metabolically obese normal weight patients (Di Renzo et al., 2006).  
On a final note, a new twist in the metainflamamtion phenomena (Hotamisligil, 2006) observed 
in obesity has been described. The innate receptors members of the Pattern Recognition 
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Receptor Family, the NLRPs, are part of an ancestral detection system which recognizes 
danger associated molecules, resulting in the recruitment of Caspase-1 and the activation of 
IL-1β and IL-18, known proinflammatory cytokines (Lamkanfi & Dixit, 2009). Receptor 
NLRP3 has been associated to lipotoxicity sensing by recognizing ceramides production in 
macrophages and adipocytes, contributing to obesity-related inflammation by synthesis of 
IL-1β and blunted insulin signaling in liver and adipose tissue (Vandanmagsar et al., 2011). 
Moreover, IL-1β has been proven to regulate adipogenesis towards a more insulin resistance 
phenotype (Stienstra et al., 2010), which renders fundamental in a proinflamatory and toxic 
environment which is seen around the hypoxic and pre-adipocyte rich areas of adipose 
tissue.  

4. Conclusions 
Obesity is a multifactorial disease, characterized by adiposity-related consequences and 
disease, such as type 2 diabetes, cardiovascular disease, obstructive sleeping apnea, 
osteoarthritis, and cancer. Understanding the molecular dialogue between the 2 principally 
affected cells – adipocyte and skeletal myocyte – serves as the underlying scientific platform 
to understand why physical activity is beneficial and mandatory in these patients. The very 
notion that glucose uptake is enhanced in skeletal muscle during and after exercise provides 
a great glycemic control strategy, lowering the effects of excessive glucose in circulating 
plasma, like glycosylated hemoglobin levels (Andrade-Rodríguez et al., 2007; Sigal et al., 
2007), increases plasma glutamine and arginine levels for the production of NO and 
glutathione not only improving vasodilation properties but also increasing antioxidant 
defenses (Krause & de Bittencourt,, 2008), and myocyte-derived IL-6 enhances glucose 
induced insulin secretion (Newsholme et al., 2010). 
The application of a proper exercise program in obese patients, along with diet and lifestyle 
modification, ensures that the obese myocyte will get in shape, with a dynamic IMCL 
turnover, improved glucose and fat oxidation, genetic modulation of fiber remodeling, 
ending in progressive and sustained metabolic control. The dying myocytes will stop being 
so stressed with external stimuli and over-availability of substrates, decreasing in size and in 
oxygen requirements, modulating macrophage recruitment and inflammatory signals 
derived from them. The application of therapeutic drugs to improve the effects of exercise 
and act synergistically has been reported.  
Thiazolidinediones (TZD) are a group of drugs that activate PPARγ, modulating all the 
downstream genes regulated by the transcription factor, including acyl~CoA synthetase, 
phosphoenolpyruvate carboxykinase and lipoprotein lipase, inducing FFA capture and 
storage in de novo adipocytes, lowering FFA levels in plasma at the cost of fast 
redistribution (“Lipid-steal” phenomenon) (Bermúdez et al., 2010). In insulin resistant 
models, TZD correct impaired myocyte insulin action (Zierath et al., 1998), normalize 
muscular insulin sensitivity and GLUT4 synthesis in conjunction with exercise (Hayener et 
al., 2000), lower waist-hip ratio due to a selective increase in lower body fat (Shadid et al., 
2003), improve exercise capacity in type 2 diabetic patients (Regensteiner et al., 2005), and 
increase adiponectin levels (Yang et al., 2002) just as exercise does (Kriketos et al., 2004; 
Højbjerre et al., 2007); which is why the combination of a TZD and exercise are self-
complementary in the treatment of insulin resistance (Lessard et al., 2007).  The world-
famous biguanide, Metformin, is the other pharmacological candidate to enhance exercise 
effects on the insulin resistance milieu. Exercise has been known to improve metformin 
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Parallel to IL-6 effects, IL-15 has progressively risen as a major modulator of fat metabolism 
and muscle accretion in skeletal muscle over the past 15 years, which have been discussed 
elsewhere (Carbó et al., 2000;  Quinn et al., 2008; Argilés et al., 2009), yet the following 
aspects need to be discussed. IL-15 is a cytokine which is related to NK cell maturation, 
which actions are not reserved for the immunology universe. This protein is synthetized 
also by placenta, muscle and other tissues, supporting the idea of non-immune functions in 
such organs. Muscle hypertrophy at the expense of myotube accretion by inhibition of 
protein degradation is observed in animal models (Quinn et al., 2002), and this has been 
proposed as a therapeutic option for wasting syndromes such as cancer (Carbó et al., 2000) . 
This effect is probably due to induction of PPAR-δ which mediates protein synthesis in such 
cells. As for adipose tissue, the cytokine has been related to reduce lipid accumulation in 
pre-adipocytes enhancing their differentiation, and inducing adiponectin secretion in 
matured adipocytes (Quinn et al., 2005). These findings were further confirmed, when it was 
proven that IL-15 effect also reached brown adipose tissue, with an acute induction of 
thermogenesis via upregulation of Uncoupling Proteins 1 and 3, PPAR-δ and –α and a final 
association with reduction of white adipose tissue mass (Almendro et al., 2008). The 
evidence pointed to a more multifaceted muscle-adipose axis with IL-15 as remote 
modulator (Quinn et al., 2009) when secreted from skeletal muscle, inducing GLUT4, 
enhancing glucose utilization, reducing adipose deposition and adipocyte size. Further 
studies have linked polymorphisms of IL-15 and metabolic syndrome propensity, including 
the following protein SNPs: rs1589241, rs1057972 (Pistilli et al., 2008), with a unique relation 
to metabolically obese normal weight patients (Di Renzo et al., 2006).  
On a final note, a new twist in the metainflamamtion phenomena (Hotamisligil, 2006) observed 
in obesity has been described. The innate receptors members of the Pattern Recognition 
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Receptor Family, the NLRPs, are part of an ancestral detection system which recognizes 
danger associated molecules, resulting in the recruitment of Caspase-1 and the activation of 
IL-1β and IL-18, known proinflammatory cytokines (Lamkanfi & Dixit, 2009). Receptor 
NLRP3 has been associated to lipotoxicity sensing by recognizing ceramides production in 
macrophages and adipocytes, contributing to obesity-related inflammation by synthesis of 
IL-1β and blunted insulin signaling in liver and adipose tissue (Vandanmagsar et al., 2011). 
Moreover, IL-1β has been proven to regulate adipogenesis towards a more insulin resistance 
phenotype (Stienstra et al., 2010), which renders fundamental in a proinflamatory and toxic 
environment which is seen around the hypoxic and pre-adipocyte rich areas of adipose 
tissue.  

4. Conclusions 
Obesity is a multifactorial disease, characterized by adiposity-related consequences and 
disease, such as type 2 diabetes, cardiovascular disease, obstructive sleeping apnea, 
osteoarthritis, and cancer. Understanding the molecular dialogue between the 2 principally 
affected cells – adipocyte and skeletal myocyte – serves as the underlying scientific platform 
to understand why physical activity is beneficial and mandatory in these patients. The very 
notion that glucose uptake is enhanced in skeletal muscle during and after exercise provides 
a great glycemic control strategy, lowering the effects of excessive glucose in circulating 
plasma, like glycosylated hemoglobin levels (Andrade-Rodríguez et al., 2007; Sigal et al., 
2007), increases plasma glutamine and arginine levels for the production of NO and 
glutathione not only improving vasodilation properties but also increasing antioxidant 
defenses (Krause & de Bittencourt,, 2008), and myocyte-derived IL-6 enhances glucose 
induced insulin secretion (Newsholme et al., 2010). 
The application of a proper exercise program in obese patients, along with diet and lifestyle 
modification, ensures that the obese myocyte will get in shape, with a dynamic IMCL 
turnover, improved glucose and fat oxidation, genetic modulation of fiber remodeling, 
ending in progressive and sustained metabolic control. The dying myocytes will stop being 
so stressed with external stimuli and over-availability of substrates, decreasing in size and in 
oxygen requirements, modulating macrophage recruitment and inflammatory signals 
derived from them. The application of therapeutic drugs to improve the effects of exercise 
and act synergistically has been reported.  
Thiazolidinediones (TZD) are a group of drugs that activate PPARγ, modulating all the 
downstream genes regulated by the transcription factor, including acyl~CoA synthetase, 
phosphoenolpyruvate carboxykinase and lipoprotein lipase, inducing FFA capture and 
storage in de novo adipocytes, lowering FFA levels in plasma at the cost of fast 
redistribution (“Lipid-steal” phenomenon) (Bermúdez et al., 2010). In insulin resistant 
models, TZD correct impaired myocyte insulin action (Zierath et al., 1998), normalize 
muscular insulin sensitivity and GLUT4 synthesis in conjunction with exercise (Hayener et 
al., 2000), lower waist-hip ratio due to a selective increase in lower body fat (Shadid et al., 
2003), improve exercise capacity in type 2 diabetic patients (Regensteiner et al., 2005), and 
increase adiponectin levels (Yang et al., 2002) just as exercise does (Kriketos et al., 2004; 
Højbjerre et al., 2007); which is why the combination of a TZD and exercise are self-
complementary in the treatment of insulin resistance (Lessard et al., 2007).  The world-
famous biguanide, Metformin, is the other pharmacological candidate to enhance exercise 
effects on the insulin resistance milieu. Exercise has been known to improve metformin 
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effects (Tang et al., 2001), acting as co-adjuvants in the reduction of the incident of diabetes 
(Doggrell, 2002), increasing vascular function and lowering Ischemia Coronary Artery 
Disease patients (Jadhay et al., 2006), and finally, both can reduce the expression of the fat 
transporter FAT/CD36, blunting the progression of ceramides-mediated insulin resistance 
in myocyte (Smith et al., 2007). The insulin sensitizing effect of metformin are carried out via 
activation of AMPK (Hawley et al., 2002), simulating the very first effects on physical 
activity in skeletal muscle. Finally, Exercise is an ideal lifestyle intervention suitable and 
rightful to all obese patients, due to its counteracting measures against the molecular 
derangements observed in obesity, modulating local and systemic metabolic disturbances. 

5. References 
Abate N. & Chandalia M. (2003). The impact of ethnicity on type 2 diabetes. Journal of 

Diabetes and its Complications Vol. 17, No. 1 (January – February 2003), pp. 39-58. 
Acharyya S, Ladner K, Nelsen LL, Damrauer J, Reiser PJ, et al. (2004). Cancer cachexia is 

regulated by selective targeting of skeletal muscle gene products. Journal of Clinical 
Investigation Vol. 114, No. 3 (August 2004), pp. 370-78. 

Adami HO &Trichopoulos D. (2003). Obesity and mortality from cancer. New England 
Journal of Medicine Vol. 348, No.17 (April 2003), pp.1623-24. 

Almendro V, Fuster G, Busquets S, Ametller E, Figueras M, et al. (2008). Effects of IL-15 on 
rat brown adipose tissue: uncoupling proteins and PPARs. Obesity Vol. 16, No. 2 
(February 2008), pp. 285-89. 

Andersen JL, Klitgaard H & Saltin B. (1994). “Myosin heavy chain isoforms in single fibers 
from m. vastus lateralis of sprinters: influence of training”. Acta Physiologica 
Scandinavica Vol. 151, No. 2 (June 1994), pp. 135-42. 

Andrade-Rodríguez HJ, Valadez-Castillo FJ, Hernández-Sierra JF, Gordillo-Moscoso AA, 
Dávila-Esqueda ME, et al. (2007). Effectiveness of supervised aerobic exercised in 
alternating weekdays associated with glycosilated hemoglobin levels among type 2 
sedentary diabetic patients. Gaceta Medica de Mexico Vol. 143, No. 1 (January-
February 2007), pp. 11-5. 

Argilés JM, López-Soriano FJ & Busquets S. (2009). Therapeutic potential of interleukin-15: a 
myokine involved in muscle wasting and adiposity. Drug Discovery Today Vol. 14, 
No. 3-4 (February 2009), pp. 208-13. 

Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, et al. (1999). Paradoxical decrease of an 
adipose-specific protein, adiponectin, in obesity. Biochemical and Biophysical Research 
Communications Vol. 257, No. 1 (April 1999), pp.79-83. 

Arner E, Westermark PO, Spalding KL, Britton T, Rydén M, et al. (2010). Adipocyte 
turnover: relevance to human adipose tissue morphology”. Diabetes Vol. 59, No. 1 
(January 2010), pp. 105-09. 

Bassel-Duby R & Olson E. (2006). Signaling pathways in skeletal remodeling. Annual Review 
of Biochemistry Vol. 75, pp. 19-37. 

Bassel-Duny R & Olson EN. (2003). Role of calcineurin in striated muscle: development, 
adaptation and disease. Biochemical and Biophysical Research Communications Vol. 
311, No. 4 (November 2003), pp. 1133-1141. 

Bermúdez V, Finol F, Parra N, Parra M, Pérez A, et al. “PPAR-γ agonists and their role in 
type 2 diabetes mellitus management”. American Journal of Therapeutics Vol. 17, No. 
3 (May-June 2010), pp. 274-283. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

17 

Blair SN, Cheng Y & Holder JS. (2001). Is physical activity or physical fitness more 
important in defining health benefits?. Medicine Science in Sports and  Exercise 
Vol.33, No.6 (June 2001), pp.S379-S399. 

Brook CG, Lloyd JK & Wolf OH. Relation between age of onset of obesity and size and 
number of adipose cells. British Medical Journal Vol. 2, No. 5804 (April 1972), pp. 25-
27. 

Bruun JM, Lihn AS, Pedersen SB, Richelsen B. (2005). Monocyte chemoattractant protein-1 
release is higher in visceral than subcutaneous human adipose tissue (AT): 
implication of macrophage resident in the AT. Journal of Clinical Endocrinology and 
Metabolism Vol. 90, No. 4 (April 2005), pp. 2282-89. 

Caballero B (2007). The global epidemic of obesity: an overview. Epidemiologic Reviews 
Vol.29, (June 2007), pp.1-5. 

Carbó N, López-Soriano J, Costelli P, Alvarez B, Busquets S, et al. (2001). Interleukin-15 
mediates reciprocal regulation of adipose and muscle mass: a potential role in body 
weight control. Biochimica et Biophysica Acta Vol. 1526, No. 1 (April 2001), pp. 17-24. 

Carbó N, López-Soriano J, Costelli P, Busquets S, Alvarez B, et al. (2000). Interleukin-15 
antagonizes protein waste in tumour-bearing rats. British Journal of Cancer Vol. 83, 
No. 4 (August 2000), pp. 526-31. 

Carey AL, Bruce CR, Sacchetti M, Anderson MJ, Olsen DB, et al. (2004). Interleukin-6 and 
tumor necrosis factor-alpha are not increases in patients with type 2 diabetes: 
evidence that plasma IL-6 is related to fat mass and not insulin responsiveness. 
Diabetologia Vol. 47, No. 6 (June 2004), pp. 1029-37. 

Carnethon MR. (2009). Physical activity and cardiovascular disease: how much is enough?. 
American Journal of Lifestyle Medicine Vol. 3, No. 1 (July 2009), pp. 44S-49S. 

Chakravarthy M. &Booth FW. (2004). Eating, exercise and ‘thrifty’ genotypes: connecting the 
dots toward an evolutionary understanding of modern chronic disease. Journal of 
Applied Physiology Vol. 96, No. 1 (January 2004), pp. 3-10. 

Cheng YJ, Gregg E, De Rekeneire N, Williams DE, Imperatore G, et al. (2007). Muscle-
strengthening activity and its association with insulin sensitivity. Diabetes Care Vol. 
30, No. 9 (September 2007), pp. 2264-70. 

Chin E, Olson EN, Richardson JA, Yang Q, Humphries C, et al. (1998). A calcineurin -
dependent transcriptional pathway controls skeletal muscle fiber type. Genes & 
Development Vol. 12, No. 16 (August 1998), pp. 2499-2509. 

Copps K &White M. (2009) Breathing room: the (un)natural history of adipose 
michrohypoxia and insulin resistance. Diabetes Vol. 58, No. 1 (January 2009), pp.26-
27. 

Dann SG, Selvaraj A & Thomas G. mTOR complex1-S6K1 signaling: at the crossroads of 
obesity, diabetes and cancer. Trends in Molecular Medicine Vol. 13, No. 6 (June 2007), 
pp. 252-59. 

Darlington G, Ross S & MacDougald O. (1998). The role of C/EBP genes in adipocyte 
differentiation. Journal of Biological Chemistry Vol.273, No.46 (November 1998), pp. 
30057-060. 

de Luis DA, Gonzalez Sagrado M, Conde R, Aller R, Izaola O, et al. (2009). Relation of 
resistin levels with cardiovascular risk factors and insulin resistance in non-
diabetes obese patients. Diabetes Research and Clinical Practice Vol. 84, No. 2 (May 
2009), pp.174-8. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

16

effects (Tang et al., 2001), acting as co-adjuvants in the reduction of the incident of diabetes 
(Doggrell, 2002), increasing vascular function and lowering Ischemia Coronary Artery 
Disease patients (Jadhay et al., 2006), and finally, both can reduce the expression of the fat 
transporter FAT/CD36, blunting the progression of ceramides-mediated insulin resistance 
in myocyte (Smith et al., 2007). The insulin sensitizing effect of metformin are carried out via 
activation of AMPK (Hawley et al., 2002), simulating the very first effects on physical 
activity in skeletal muscle. Finally, Exercise is an ideal lifestyle intervention suitable and 
rightful to all obese patients, due to its counteracting measures against the molecular 
derangements observed in obesity, modulating local and systemic metabolic disturbances. 

5. References 
Abate N. & Chandalia M. (2003). The impact of ethnicity on type 2 diabetes. Journal of 

Diabetes and its Complications Vol. 17, No. 1 (January – February 2003), pp. 39-58. 
Acharyya S, Ladner K, Nelsen LL, Damrauer J, Reiser PJ, et al. (2004). Cancer cachexia is 

regulated by selective targeting of skeletal muscle gene products. Journal of Clinical 
Investigation Vol. 114, No. 3 (August 2004), pp. 370-78. 

Adami HO &Trichopoulos D. (2003). Obesity and mortality from cancer. New England 
Journal of Medicine Vol. 348, No.17 (April 2003), pp.1623-24. 

Almendro V, Fuster G, Busquets S, Ametller E, Figueras M, et al. (2008). Effects of IL-15 on 
rat brown adipose tissue: uncoupling proteins and PPARs. Obesity Vol. 16, No. 2 
(February 2008), pp. 285-89. 

Andersen JL, Klitgaard H & Saltin B. (1994). “Myosin heavy chain isoforms in single fibers 
from m. vastus lateralis of sprinters: influence of training”. Acta Physiologica 
Scandinavica Vol. 151, No. 2 (June 1994), pp. 135-42. 

Andrade-Rodríguez HJ, Valadez-Castillo FJ, Hernández-Sierra JF, Gordillo-Moscoso AA, 
Dávila-Esqueda ME, et al. (2007). Effectiveness of supervised aerobic exercised in 
alternating weekdays associated with glycosilated hemoglobin levels among type 2 
sedentary diabetic patients. Gaceta Medica de Mexico Vol. 143, No. 1 (January-
February 2007), pp. 11-5. 

Argilés JM, López-Soriano FJ & Busquets S. (2009). Therapeutic potential of interleukin-15: a 
myokine involved in muscle wasting and adiposity. Drug Discovery Today Vol. 14, 
No. 3-4 (February 2009), pp. 208-13. 

Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, et al. (1999). Paradoxical decrease of an 
adipose-specific protein, adiponectin, in obesity. Biochemical and Biophysical Research 
Communications Vol. 257, No. 1 (April 1999), pp.79-83. 

Arner E, Westermark PO, Spalding KL, Britton T, Rydén M, et al. (2010). Adipocyte 
turnover: relevance to human adipose tissue morphology”. Diabetes Vol. 59, No. 1 
(January 2010), pp. 105-09. 

Bassel-Duby R & Olson E. (2006). Signaling pathways in skeletal remodeling. Annual Review 
of Biochemistry Vol. 75, pp. 19-37. 

Bassel-Duny R & Olson EN. (2003). Role of calcineurin in striated muscle: development, 
adaptation and disease. Biochemical and Biophysical Research Communications Vol. 
311, No. 4 (November 2003), pp. 1133-1141. 

Bermúdez V, Finol F, Parra N, Parra M, Pérez A, et al. “PPAR-γ agonists and their role in 
type 2 diabetes mellitus management”. American Journal of Therapeutics Vol. 17, No. 
3 (May-June 2010), pp. 274-283. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

17 

Blair SN, Cheng Y & Holder JS. (2001). Is physical activity or physical fitness more 
important in defining health benefits?. Medicine Science in Sports and  Exercise 
Vol.33, No.6 (June 2001), pp.S379-S399. 

Brook CG, Lloyd JK & Wolf OH. Relation between age of onset of obesity and size and 
number of adipose cells. British Medical Journal Vol. 2, No. 5804 (April 1972), pp. 25-
27. 

Bruun JM, Lihn AS, Pedersen SB, Richelsen B. (2005). Monocyte chemoattractant protein-1 
release is higher in visceral than subcutaneous human adipose tissue (AT): 
implication of macrophage resident in the AT. Journal of Clinical Endocrinology and 
Metabolism Vol. 90, No. 4 (April 2005), pp. 2282-89. 

Caballero B (2007). The global epidemic of obesity: an overview. Epidemiologic Reviews 
Vol.29, (June 2007), pp.1-5. 

Carbó N, López-Soriano J, Costelli P, Alvarez B, Busquets S, et al. (2001). Interleukin-15 
mediates reciprocal regulation of adipose and muscle mass: a potential role in body 
weight control. Biochimica et Biophysica Acta Vol. 1526, No. 1 (April 2001), pp. 17-24. 

Carbó N, López-Soriano J, Costelli P, Busquets S, Alvarez B, et al. (2000). Interleukin-15 
antagonizes protein waste in tumour-bearing rats. British Journal of Cancer Vol. 83, 
No. 4 (August 2000), pp. 526-31. 

Carey AL, Bruce CR, Sacchetti M, Anderson MJ, Olsen DB, et al. (2004). Interleukin-6 and 
tumor necrosis factor-alpha are not increases in patients with type 2 diabetes: 
evidence that plasma IL-6 is related to fat mass and not insulin responsiveness. 
Diabetologia Vol. 47, No. 6 (June 2004), pp. 1029-37. 

Carnethon MR. (2009). Physical activity and cardiovascular disease: how much is enough?. 
American Journal of Lifestyle Medicine Vol. 3, No. 1 (July 2009), pp. 44S-49S. 

Chakravarthy M. &Booth FW. (2004). Eating, exercise and ‘thrifty’ genotypes: connecting the 
dots toward an evolutionary understanding of modern chronic disease. Journal of 
Applied Physiology Vol. 96, No. 1 (January 2004), pp. 3-10. 

Cheng YJ, Gregg E, De Rekeneire N, Williams DE, Imperatore G, et al. (2007). Muscle-
strengthening activity and its association with insulin sensitivity. Diabetes Care Vol. 
30, No. 9 (September 2007), pp. 2264-70. 

Chin E, Olson EN, Richardson JA, Yang Q, Humphries C, et al. (1998). A calcineurin -
dependent transcriptional pathway controls skeletal muscle fiber type. Genes & 
Development Vol. 12, No. 16 (August 1998), pp. 2499-2509. 

Copps K &White M. (2009) Breathing room: the (un)natural history of adipose 
michrohypoxia and insulin resistance. Diabetes Vol. 58, No. 1 (January 2009), pp.26-
27. 

Dann SG, Selvaraj A & Thomas G. mTOR complex1-S6K1 signaling: at the crossroads of 
obesity, diabetes and cancer. Trends in Molecular Medicine Vol. 13, No. 6 (June 2007), 
pp. 252-59. 

Darlington G, Ross S & MacDougald O. (1998). The role of C/EBP genes in adipocyte 
differentiation. Journal of Biological Chemistry Vol.273, No.46 (November 1998), pp. 
30057-060. 

de Luis DA, Gonzalez Sagrado M, Conde R, Aller R, Izaola O, et al. (2009). Relation of 
resistin levels with cardiovascular risk factors and insulin resistance in non-
diabetes obese patients. Diabetes Research and Clinical Practice Vol. 84, No. 2 (May 
2009), pp.174-8. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

18

de Vries J. (1995). Immunosuppressive and anti-inflammatory properties of interleukin 10. 
Annals of Medicine Vol. 25, No. 5 (October 1995), pp. 537-41. 

DeFronzo RA, Gunnarsson R, et al. (1985). Effect of insulin on peripheral and splanchnic 
glucose metabolism in noninsulin-dependent (type II) diabetes mellitus. Journal of 
Clinical Investigation Vol.76, No. 1 (July 1985), pp. 149-155. 

Di Renzo L, Bigioni M, Bottini FG, Del Gobbo V, Premrov MG, et al. (2006). Normal weight 
obese syndrome: role of single nucleotide polymorphism of IL-15Ralpha and 
MTHFR 677C—T genes in the relationship between body composition and resting 
metabolic rate. European Review for Medical Pharmacological Sciences Vol. 10, No. 5 
(September-October 2006), pp. 235-45. 

Dietze D, Koenen M, Röhrig K, Horikoshi H, Hauner H, et al. (2002). Impairment of insulin 
signaling in human skeletal muscle cells by co-culture with human adipocytes. 
Diabetes Vol. 51, No. 8 (August 2002), pp. 2369-76. 

Doggrell S. (2002). Metformin & lifestyle intervention prevent type 2 diabetes: lifestyle 
intervention has the greater effect. Expert Opinion on Pharmacotherapy Vol. 3, No. 7 
(July 2002), pp. 1011-13. 

Dulloo AG, Jacquet J, Seydoux J, Montani JP. (2006). The thrifty ’catch-up fat’ phenotype: its 
impact on insulin sensitivity during growth trajectories to obesity and metabolic 
syndrome. International Journal of Obesity (London) Vol.30, No. S4 (December 2006), 
pp. S23-S35. 

Dunn A, Andersen R, Jakicic JM. (1998). Lifestyle physical activity interventions. History, 
short- and long-term effects, and recommendations. American Journal of Preventive 
Medicine Vol.15, No.4 (November 1998), pp.398-412. 

Egger G & Swinburn B (1997). An ecological approach to the obesity pandemic. British 
Medical Journal Vol.315, No.7106 (August 1997), pp.477-80. 

Elmquist JK & Flier J. (2004). The fat-brain axis enters a new dimension. Science Vol. 304, 
No. 5667 (April 2004), pp. 63-64. 

Fitts R. (2003). Effects of regular exercise training on skeletal contractile function”. American 
Journal of Physical Medicine & Rehabilitation Vol. 82, No. 4 (April 2003), pp. 320-31. 

Fletcher GF, Balady G, Blair SN, Blumenthal J, Caspersen C, et al. (1996). A statement for 
Health Professionals by the Committee on Exercise and Cardiac rehabilitation of 
the Council on Clinical Cardiology, American Heart Association.. Circulation 
Vol.94, No.4 (August 1996), pp.857-62. 

Fletcher GF, Blair SN, Blumenthal J, Caspersen C, Chaitman B, et al. (1992). Statement on 
exercise. Benefits and recommendations for the physical activity programs for all 
Americans. A statement for health professionals by the Committee on Exercise and 
Cardiac Rehabilitation of the Council on Clinical Cardiology, American Heart 
Association. Circulation Vol.86, No.1 (July 1992), pp.340-44. 

Frühbeck G, Gómez-Ambrosi J, Muruzábal FJ, Burrell MA. (2001). The adipocyte: a model 
for integration of endocrine and metabolic signaling in energy metabolism 
regulation. American Journal of Physiology Endocrinology and Metabolism Vol. 280, No. 
6 (June 2001), pp. E827-E847. 

Frydelund-Larsen L, Penkowa M, Akerstrom T, Zankari A, Nielsen S, et al. (2007). Exercise 
induces interleukin-8 receptor (CXCR2) expression in human skeletal muscle. 
Experimental Physiology Vol. 92, No. 1 (January 2007), pp. 233-40. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

19 

Fu M, Wang C, Li Z, Sakamaki T, Pestell RG. (2004). Cyclin D1: normal and abnormal 
functions. Endocrinology Vol.145, No. 12 (December 2004), pp.5439-47. 

Gardner G & Halweil B (2000). “Hunger, escaping excess”. World Watch Vol.13,No4 (July 
2000), pp.25-35. 

Godínez-Gutiérrez S, Marmolejo-Orozco G, Marquez-Rodríguez E, Siordia-Vázquez JJ & 
Baeza-Camacho R. (2002). La grasa visceral y su importancia en obesidad. Revista de 
Endocrinología y Nutrición Vol. 10, No. 3 (July-September 2002), pp.121-27. 

Goodpaster B, He J, Watkins S, Kelley D. (2001).  Skeletal muscle lipid content and insulin 
resistance: evidence for a paradox in endurance-trained athletes. Journal of Clinical 
Endocrinology and Metabolism Vol. 86, No. 1 (December 2001), pp. 5755-5761. 

Graham T, Yang Q, Blüher M, Hammarstedt A, Ciaraldi TP, et al. (2006). Retinol-binding 
protein 4 and insulin resistance in lean, obese, and diabetic subjects. New England 
Journal of Medicine  Vol.354, No. 24 (June 2006), pp.2552-63. 

Gregoire F, Smas C & Sul HS (1998). Understanding adipocyte differentiation. Physiological 
Reviews Vol.78, No.3 (July 1998), pp.783-809. 

Gregoire F. (2001). Adipocyte differentiation: from fibroblast to endocrine cell. Experimental 
Biology and Medicine Vol.226, No. 11 (December 2001), pp.997-1002. 

Guo Z. (2007). Intramyocellular lipid kinetics and insulin resistance. Lipids in Health and 
Disease Vol. 6 (July 2007), pp.18-25. 

Guzik TJ, Marvar PJ, Czesnikiewicz-Guzik M, Korbut R. (2007). Perivascular adipose tissue 
as a Messenger of the brain-vessel axis: role in vascular inflammation and 
dysfunction”. Journal of Physiological Pharmacology Vol.58, No. 4 (December 2007), 
pp.591-610. 

Halberg N, Wernstedt-Asterholm I, & Scherer PE. (2008). The adipocyte as an endocrine cell. 
Endocrinology and Metabolism  Clinics of  North America Vol. 37, No. 3 (September 
2008), pp. 753-68. 

Hamilton M & Booth F. (2000). Skeletal muscle adaptation to exercise: a century of progress. 
Journal of Applied Physiology Vol. 88, No. 1 (January 2000), pp. 327-331. 

Hauner H. (2010). Adipose tissue inflammation: are small or large fat cells to blame?. 
Diabetologia Vol. 53, No. 2 (February 2010), pp. 223-225. 

Havener A, Reichart D & Olefsky J. (2000). Exercise and thiazolidinedione therapy 
normalize insulin action in the obese Zucker fatty rat. Diabetes Vol. 49, No. 12 
(December 2000), pp. 2154-59. 

Hawley S, Gadalla AE, Olsen GS, Hardie DG. (2002). The antidiabetic drug metformin 
activates the AMP-activated protein kinase cascade via an Adenine Nucleotide-
independent mechanism. Diabetes Vol. 51, No. 8 (August 2002), pp. 2420-25. 

Hayashi T, Wojtaszeski J & Goodyear L. (1997). Exercise regulation of glucose in skeletal 
muscle. American Journal of Physiology Endocrinology and Metabolism Vol. 273, No. 6 
pt1 (December 1997), pp. E1039-E1051. 

Hein HO, Suadicani P, Gyntelberg F. (1992). Physical fitness or physical activity as predictor 
of ischemic heart disease? A 17-year follow-up in the Copenhagen Male Study. 
Journal of Internal Medicine Vol.232, No.6 (December 1992), pp.471-79. 

Henriksen EJ & Holloszy JO. Effect of diffusion distance on measurement of rat skeletal 
muscle glucose transport in vitro. Acta Physiologica Scandinavica Vol.143, No. 4 
(December 1991), pp. 381-86. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

18

de Vries J. (1995). Immunosuppressive and anti-inflammatory properties of interleukin 10. 
Annals of Medicine Vol. 25, No. 5 (October 1995), pp. 537-41. 

DeFronzo RA, Gunnarsson R, et al. (1985). Effect of insulin on peripheral and splanchnic 
glucose metabolism in noninsulin-dependent (type II) diabetes mellitus. Journal of 
Clinical Investigation Vol.76, No. 1 (July 1985), pp. 149-155. 

Di Renzo L, Bigioni M, Bottini FG, Del Gobbo V, Premrov MG, et al. (2006). Normal weight 
obese syndrome: role of single nucleotide polymorphism of IL-15Ralpha and 
MTHFR 677C—T genes in the relationship between body composition and resting 
metabolic rate. European Review for Medical Pharmacological Sciences Vol. 10, No. 5 
(September-October 2006), pp. 235-45. 

Dietze D, Koenen M, Röhrig K, Horikoshi H, Hauner H, et al. (2002). Impairment of insulin 
signaling in human skeletal muscle cells by co-culture with human adipocytes. 
Diabetes Vol. 51, No. 8 (August 2002), pp. 2369-76. 

Doggrell S. (2002). Metformin & lifestyle intervention prevent type 2 diabetes: lifestyle 
intervention has the greater effect. Expert Opinion on Pharmacotherapy Vol. 3, No. 7 
(July 2002), pp. 1011-13. 

Dulloo AG, Jacquet J, Seydoux J, Montani JP. (2006). The thrifty ’catch-up fat’ phenotype: its 
impact on insulin sensitivity during growth trajectories to obesity and metabolic 
syndrome. International Journal of Obesity (London) Vol.30, No. S4 (December 2006), 
pp. S23-S35. 

Dunn A, Andersen R, Jakicic JM. (1998). Lifestyle physical activity interventions. History, 
short- and long-term effects, and recommendations. American Journal of Preventive 
Medicine Vol.15, No.4 (November 1998), pp.398-412. 

Egger G & Swinburn B (1997). An ecological approach to the obesity pandemic. British 
Medical Journal Vol.315, No.7106 (August 1997), pp.477-80. 

Elmquist JK & Flier J. (2004). The fat-brain axis enters a new dimension. Science Vol. 304, 
No. 5667 (April 2004), pp. 63-64. 

Fitts R. (2003). Effects of regular exercise training on skeletal contractile function”. American 
Journal of Physical Medicine & Rehabilitation Vol. 82, No. 4 (April 2003), pp. 320-31. 

Fletcher GF, Balady G, Blair SN, Blumenthal J, Caspersen C, et al. (1996). A statement for 
Health Professionals by the Committee on Exercise and Cardiac rehabilitation of 
the Council on Clinical Cardiology, American Heart Association.. Circulation 
Vol.94, No.4 (August 1996), pp.857-62. 

Fletcher GF, Blair SN, Blumenthal J, Caspersen C, Chaitman B, et al. (1992). Statement on 
exercise. Benefits and recommendations for the physical activity programs for all 
Americans. A statement for health professionals by the Committee on Exercise and 
Cardiac Rehabilitation of the Council on Clinical Cardiology, American Heart 
Association. Circulation Vol.86, No.1 (July 1992), pp.340-44. 

Frühbeck G, Gómez-Ambrosi J, Muruzábal FJ, Burrell MA. (2001). The adipocyte: a model 
for integration of endocrine and metabolic signaling in energy metabolism 
regulation. American Journal of Physiology Endocrinology and Metabolism Vol. 280, No. 
6 (June 2001), pp. E827-E847. 

Frydelund-Larsen L, Penkowa M, Akerstrom T, Zankari A, Nielsen S, et al. (2007). Exercise 
induces interleukin-8 receptor (CXCR2) expression in human skeletal muscle. 
Experimental Physiology Vol. 92, No. 1 (January 2007), pp. 233-40. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

19 

Fu M, Wang C, Li Z, Sakamaki T, Pestell RG. (2004). Cyclin D1: normal and abnormal 
functions. Endocrinology Vol.145, No. 12 (December 2004), pp.5439-47. 

Gardner G & Halweil B (2000). “Hunger, escaping excess”. World Watch Vol.13,No4 (July 
2000), pp.25-35. 

Godínez-Gutiérrez S, Marmolejo-Orozco G, Marquez-Rodríguez E, Siordia-Vázquez JJ & 
Baeza-Camacho R. (2002). La grasa visceral y su importancia en obesidad. Revista de 
Endocrinología y Nutrición Vol. 10, No. 3 (July-September 2002), pp.121-27. 

Goodpaster B, He J, Watkins S, Kelley D. (2001).  Skeletal muscle lipid content and insulin 
resistance: evidence for a paradox in endurance-trained athletes. Journal of Clinical 
Endocrinology and Metabolism Vol. 86, No. 1 (December 2001), pp. 5755-5761. 

Graham T, Yang Q, Blüher M, Hammarstedt A, Ciaraldi TP, et al. (2006). Retinol-binding 
protein 4 and insulin resistance in lean, obese, and diabetic subjects. New England 
Journal of Medicine  Vol.354, No. 24 (June 2006), pp.2552-63. 

Gregoire F, Smas C & Sul HS (1998). Understanding adipocyte differentiation. Physiological 
Reviews Vol.78, No.3 (July 1998), pp.783-809. 

Gregoire F. (2001). Adipocyte differentiation: from fibroblast to endocrine cell. Experimental 
Biology and Medicine Vol.226, No. 11 (December 2001), pp.997-1002. 

Guo Z. (2007). Intramyocellular lipid kinetics and insulin resistance. Lipids in Health and 
Disease Vol. 6 (July 2007), pp.18-25. 

Guzik TJ, Marvar PJ, Czesnikiewicz-Guzik M, Korbut R. (2007). Perivascular adipose tissue 
as a Messenger of the brain-vessel axis: role in vascular inflammation and 
dysfunction”. Journal of Physiological Pharmacology Vol.58, No. 4 (December 2007), 
pp.591-610. 

Halberg N, Wernstedt-Asterholm I, & Scherer PE. (2008). The adipocyte as an endocrine cell. 
Endocrinology and Metabolism  Clinics of  North America Vol. 37, No. 3 (September 
2008), pp. 753-68. 

Hamilton M & Booth F. (2000). Skeletal muscle adaptation to exercise: a century of progress. 
Journal of Applied Physiology Vol. 88, No. 1 (January 2000), pp. 327-331. 

Hauner H. (2010). Adipose tissue inflammation: are small or large fat cells to blame?. 
Diabetologia Vol. 53, No. 2 (February 2010), pp. 223-225. 

Havener A, Reichart D & Olefsky J. (2000). Exercise and thiazolidinedione therapy 
normalize insulin action in the obese Zucker fatty rat. Diabetes Vol. 49, No. 12 
(December 2000), pp. 2154-59. 

Hawley S, Gadalla AE, Olsen GS, Hardie DG. (2002). The antidiabetic drug metformin 
activates the AMP-activated protein kinase cascade via an Adenine Nucleotide-
independent mechanism. Diabetes Vol. 51, No. 8 (August 2002), pp. 2420-25. 

Hayashi T, Wojtaszeski J & Goodyear L. (1997). Exercise regulation of glucose in skeletal 
muscle. American Journal of Physiology Endocrinology and Metabolism Vol. 273, No. 6 
pt1 (December 1997), pp. E1039-E1051. 

Hein HO, Suadicani P, Gyntelberg F. (1992). Physical fitness or physical activity as predictor 
of ischemic heart disease? A 17-year follow-up in the Copenhagen Male Study. 
Journal of Internal Medicine Vol.232, No.6 (December 1992), pp.471-79. 

Henriksen EJ & Holloszy JO. Effect of diffusion distance on measurement of rat skeletal 
muscle glucose transport in vitro. Acta Physiologica Scandinavica Vol.143, No. 4 
(December 1991), pp. 381-86. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

20

Henriksen EJ, Bourey RE, Rodnick KJ, Koranyi L, Permutt MA, Holloszy JO. (1990). Glucose 
transport protein content and glucose transport capacity in rat skeletal muscle: 
American Journal of Physiology Endocrinology and Metabolism Vol. 259, No. 4(pt 1) 
(October 1990), pp. E593-E598. 

Hickey MS, Carey JO, Azevedo JL, Houmard JA, Pories WJ, Israel RG, Dohm GL. (1995). 
Skeletal muscle fiber composition is related to adiposity and in vitro glucose 
transport rate in humans. American Journal of Physiology Endocrinology and 
Metabolism Vol. 268, No. 3(pt 1) (March 1995), pp. E453-E457. 

Højbjerre L, Rosenzweig M, Dela F, Bruun JM, Stallknecht B. (2007). Acute exercise increases 
adipose tissue interstitial adiponectin concentration in healthy overweight and lean 
subjects. European Journal of Endocrinology Vol. 157, No. 5 (November 2007), pp. 613-
23. 

Holmes B, Sparling DP, Olson AL, Winder WW, Dohm GL. (2005). Regulation of muscle 
GLUT4 enhancer factor and myocyte enhancer factor 2 by AMP-activated protein 
kinase. American Journal of Physiology Endocrinology and Metabolism Vol. 289, No. 6 
(December 2005), pp. E1071-E1076. 

Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, et al. (2007). Adipose tissue 
hypoxia in obesity and its impact on adipocytokine dysregulation. Diabetes Vol. 56, 
No. 4 (April 2007), pp. 901-11. 

Hotamisligil GS. (1999). Mechanism of TNF-alpha induced insulin resistance. Experimental 
and Clinical Endocrinology & Diabetes Vol. 107, No. 2, pp.119-125. 

Hotamisligil GS. (2006). Inflammation and metabolic disorders. Nature Vol. 4444, No. 7121 
(December 2006), pp. 860-67. 

Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson RP, et al. (2003). Skeletal 
muscle lipid metabolism with obesity. American Journal of Physiology Endocrinology 
and Metabolism Vol. 284, No. 4 (April 2003), pp. E741-E747. 

Jadhav S, Ferrel W, Greer I, Petrie JR, Cobbe SM, et al. (2006). Effects of metformin on 
microvascular function and exercise tolerance in women with angina and normal 
coronary arteries. Journal of the American College of Cardiology Vol. 48, No. 5 
(September 2006), pp. 956-96. 

Jiang LQ, Garcia-Roves PM, de Castro Barbosa T, Zierath JR. (2010). Constitutively active 
calcineurin in skeletal muscle increases endurance performance and mitochondrial 
respiratory capacity. American Journal of Physiology Endocrinology and Metabolism 
Vol. 298, No. 1 (January 2010), pp. E8-E16. 

Jørgensen S, Richter EA & Wojtaszewski J. (2006). Role of AMPK in skeletal muscle 
metabolic regulation and adaptation in relation to exercise. Physiology Vol. 574, No. 
pt 1 (July 2006), pp. 17-31. 

Kadowaki T, Hara K, Yamauchi T, Terauchi Y, Tobe K, et al. (2003). Molecular mechanism of 
insulin resistance and obesity. Experimental Biology and Medicine Vol.228, No. 10 
(November 2003), pp. 1111-1117. 

Kelley DE, Goodpaster B, Wing RR, Simoneau JA. (1999). Skeletal muscle fatty acid 
metabolism in association with insulin resistance, obesity and weight loss. American 
Journal of Physiology Endocrinology and Metabolism Vol. 277, No.6 pt 1(December 
1999), pp. E1130-E1141. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

21 

Kelly T, Yang W, Chen CS, Reynolds K, He J. (2008). Global burden of obesity in 2005 and 
projections to 2030. International Journal of Obesity (London) Vol.32, No.9 (September 
2008), pp.1431-37. 

Kershaw E & Flier J. (2004). Adipose tissue as an endocrine organ. Journal of Clinical 
Endocrinology & Metabolism Vol 89, No. 6 (June 2004), pp. 2548-56. 

Kewalrami G, Bilan OJ & Klip A. (2010). Muscle insulin resistance: assault by lipids, 
cytokines and local macrophages”. Current Opinion in Clinical Nutrition and 
Metabolic Care Vol. 13, No. 4 (July 2010), pp.382-90. 

Kieffer TJ & Habener JF. (2000). The adipoinsular axis: effects of leptin on pancreatic β-cells. 
American Journal of Physiology Endocrinology and Metabolism Vol. 278, No. 1 (January 
2000), pp.E1-E14. 

Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA. (2000). Lipid oxidation is 
reduced in obese human skeletal muscle. American Journal of Physiology 
Endocrinology and Metabolism Vol. 279, No. 5 (November 2000), pp. E1039-E1044. 

Klein S, Coyle EF & Wolfe RR. (1994). Fat metabolism during low-intensity exercise in 
endurance-trained and untrained men. American Journal of Physiology Endocrinology 
and Metabolism Vol. 267, No. 6 pt 1 (December 1994), pp. E934-E940. 

Koch LG & Britton SL. (2008). Aerobic metabolism underlies complexity and capacity. 
Journal of Physiology Vol. 586, No. 1 (January 2008), pp. 83-95. 

Koonen D, Sung M, Kao C, Dolinsky VW, Koves TR, et al. (2010). Alterations in skeletal 
muscle fatty acid handling predisposes middle-aged mice to diet-induced insulin 
resistance. Diabetes Vol. 59, No. 6 (June 2010), pp. 1366-75. 

Koumenis C & Wouters B. (2006). Translating tumor hypoxia: unfolded protein response 
(UPR)—dependent and UPR—independent pathways. Molecular Cancer Research 
Vol.4, No. 7 (July 2006), pp. 423-36. 

Krause Mda S & de Bittencourt PI. (2008). Type 2 diabetes: can exercise impair autoimmune 
event? The L-arginine/glutamine coupling hypothesis. Cell Biochemistry and 
Function Vol. 26, No. 4 (June 2008), pp. 406-33. 

Kriketos A, Gan SK, Poynten AM, et al. (2004). Exercise increases adiponectin levels and 
insulin sensitivity in humans. Diabetes Care Vol. 27, No. 2 (February 2004), pp. 629-
30. 

Kubaszek A, Pihlajamaki J,  Komarovski V, Lindi V, Lindström J, et al. (2003). Promoter 
polymorphism of the TNF-alpha (G-308A) and IL-6 (C-174G) genes predict the 
conversion from impaired glucose tolerance to type 2 diabetes: the Finnish Diabetes 
Prevention Study. Diabetes Vol. 52, No. 7 (July 2003), pp. 1872-76. 

Kudo T, Katayama T,  Imaizumi K, Yasuda Y, Yatera M, et al. (2002). The unfolded protein 
response is involved in the pathology of Alzheimer´s disease. Annals of the New 
York Academy of  Sciences Vol. 977,pp.349-55. 

Lacasa D, Taleb S, Keophiphath M, Miranville A, Clement K. (2007). Macrophage-secreted 
factors impair human adipogenesis: involvement of proinflammatory state in 
preadipocytes. Endocrinology Vol. 148, No. 2 (February 1007), pp. 868-77. 

Lamkanfi M & Dixit VM. (2009). Inflammasomes: guardians of cytosolic sanctity. 
Immunological Reviews Vol. 227, No. 1 (January 2009), pp. 95-105. 

LaMonte M, Barlow C, Jurca R, Kampert JB, Church TS, et al. (2005). Cardiorespiratory 
fitness is inversely associated with incident of metabolic syndrome. A prospective 
study of men and women. Circulation Vol. 112, No. 4 (July 2005), pp. 505-12. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

20

Henriksen EJ, Bourey RE, Rodnick KJ, Koranyi L, Permutt MA, Holloszy JO. (1990). Glucose 
transport protein content and glucose transport capacity in rat skeletal muscle: 
American Journal of Physiology Endocrinology and Metabolism Vol. 259, No. 4(pt 1) 
(October 1990), pp. E593-E598. 

Hickey MS, Carey JO, Azevedo JL, Houmard JA, Pories WJ, Israel RG, Dohm GL. (1995). 
Skeletal muscle fiber composition is related to adiposity and in vitro glucose 
transport rate in humans. American Journal of Physiology Endocrinology and 
Metabolism Vol. 268, No. 3(pt 1) (March 1995), pp. E453-E457. 

Højbjerre L, Rosenzweig M, Dela F, Bruun JM, Stallknecht B. (2007). Acute exercise increases 
adipose tissue interstitial adiponectin concentration in healthy overweight and lean 
subjects. European Journal of Endocrinology Vol. 157, No. 5 (November 2007), pp. 613-
23. 

Holmes B, Sparling DP, Olson AL, Winder WW, Dohm GL. (2005). Regulation of muscle 
GLUT4 enhancer factor and myocyte enhancer factor 2 by AMP-activated protein 
kinase. American Journal of Physiology Endocrinology and Metabolism Vol. 289, No. 6 
(December 2005), pp. E1071-E1076. 

Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, et al. (2007). Adipose tissue 
hypoxia in obesity and its impact on adipocytokine dysregulation. Diabetes Vol. 56, 
No. 4 (April 2007), pp. 901-11. 

Hotamisligil GS. (1999). Mechanism of TNF-alpha induced insulin resistance. Experimental 
and Clinical Endocrinology & Diabetes Vol. 107, No. 2, pp.119-125. 

Hotamisligil GS. (2006). Inflammation and metabolic disorders. Nature Vol. 4444, No. 7121 
(December 2006), pp. 860-67. 

Hulver MW, Berggren JR, Cortright RN, Dudek RW, Thompson RP, et al. (2003). Skeletal 
muscle lipid metabolism with obesity. American Journal of Physiology Endocrinology 
and Metabolism Vol. 284, No. 4 (April 2003), pp. E741-E747. 

Jadhav S, Ferrel W, Greer I, Petrie JR, Cobbe SM, et al. (2006). Effects of metformin on 
microvascular function and exercise tolerance in women with angina and normal 
coronary arteries. Journal of the American College of Cardiology Vol. 48, No. 5 
(September 2006), pp. 956-96. 

Jiang LQ, Garcia-Roves PM, de Castro Barbosa T, Zierath JR. (2010). Constitutively active 
calcineurin in skeletal muscle increases endurance performance and mitochondrial 
respiratory capacity. American Journal of Physiology Endocrinology and Metabolism 
Vol. 298, No. 1 (January 2010), pp. E8-E16. 

Jørgensen S, Richter EA & Wojtaszewski J. (2006). Role of AMPK in skeletal muscle 
metabolic regulation and adaptation in relation to exercise. Physiology Vol. 574, No. 
pt 1 (July 2006), pp. 17-31. 

Kadowaki T, Hara K, Yamauchi T, Terauchi Y, Tobe K, et al. (2003). Molecular mechanism of 
insulin resistance and obesity. Experimental Biology and Medicine Vol.228, No. 10 
(November 2003), pp. 1111-1117. 

Kelley DE, Goodpaster B, Wing RR, Simoneau JA. (1999). Skeletal muscle fatty acid 
metabolism in association with insulin resistance, obesity and weight loss. American 
Journal of Physiology Endocrinology and Metabolism Vol. 277, No.6 pt 1(December 
1999), pp. E1130-E1141. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

21 

Kelly T, Yang W, Chen CS, Reynolds K, He J. (2008). Global burden of obesity in 2005 and 
projections to 2030. International Journal of Obesity (London) Vol.32, No.9 (September 
2008), pp.1431-37. 

Kershaw E & Flier J. (2004). Adipose tissue as an endocrine organ. Journal of Clinical 
Endocrinology & Metabolism Vol 89, No. 6 (June 2004), pp. 2548-56. 

Kewalrami G, Bilan OJ & Klip A. (2010). Muscle insulin resistance: assault by lipids, 
cytokines and local macrophages”. Current Opinion in Clinical Nutrition and 
Metabolic Care Vol. 13, No. 4 (July 2010), pp.382-90. 

Kieffer TJ & Habener JF. (2000). The adipoinsular axis: effects of leptin on pancreatic β-cells. 
American Journal of Physiology Endocrinology and Metabolism Vol. 278, No. 1 (January 
2000), pp.E1-E14. 

Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA. (2000). Lipid oxidation is 
reduced in obese human skeletal muscle. American Journal of Physiology 
Endocrinology and Metabolism Vol. 279, No. 5 (November 2000), pp. E1039-E1044. 

Klein S, Coyle EF & Wolfe RR. (1994). Fat metabolism during low-intensity exercise in 
endurance-trained and untrained men. American Journal of Physiology Endocrinology 
and Metabolism Vol. 267, No. 6 pt 1 (December 1994), pp. E934-E940. 

Koch LG & Britton SL. (2008). Aerobic metabolism underlies complexity and capacity. 
Journal of Physiology Vol. 586, No. 1 (January 2008), pp. 83-95. 

Koonen D, Sung M, Kao C, Dolinsky VW, Koves TR, et al. (2010). Alterations in skeletal 
muscle fatty acid handling predisposes middle-aged mice to diet-induced insulin 
resistance. Diabetes Vol. 59, No. 6 (June 2010), pp. 1366-75. 

Koumenis C & Wouters B. (2006). Translating tumor hypoxia: unfolded protein response 
(UPR)—dependent and UPR—independent pathways. Molecular Cancer Research 
Vol.4, No. 7 (July 2006), pp. 423-36. 

Krause Mda S & de Bittencourt PI. (2008). Type 2 diabetes: can exercise impair autoimmune 
event? The L-arginine/glutamine coupling hypothesis. Cell Biochemistry and 
Function Vol. 26, No. 4 (June 2008), pp. 406-33. 

Kriketos A, Gan SK, Poynten AM, et al. (2004). Exercise increases adiponectin levels and 
insulin sensitivity in humans. Diabetes Care Vol. 27, No. 2 (February 2004), pp. 629-
30. 

Kubaszek A, Pihlajamaki J,  Komarovski V, Lindi V, Lindström J, et al. (2003). Promoter 
polymorphism of the TNF-alpha (G-308A) and IL-6 (C-174G) genes predict the 
conversion from impaired glucose tolerance to type 2 diabetes: the Finnish Diabetes 
Prevention Study. Diabetes Vol. 52, No. 7 (July 2003), pp. 1872-76. 

Kudo T, Katayama T,  Imaizumi K, Yasuda Y, Yatera M, et al. (2002). The unfolded protein 
response is involved in the pathology of Alzheimer´s disease. Annals of the New 
York Academy of  Sciences Vol. 977,pp.349-55. 

Lacasa D, Taleb S, Keophiphath M, Miranville A, Clement K. (2007). Macrophage-secreted 
factors impair human adipogenesis: involvement of proinflammatory state in 
preadipocytes. Endocrinology Vol. 148, No. 2 (February 1007), pp. 868-77. 

Lamkanfi M & Dixit VM. (2009). Inflammasomes: guardians of cytosolic sanctity. 
Immunological Reviews Vol. 227, No. 1 (January 2009), pp. 95-105. 

LaMonte M, Barlow C, Jurca R, Kampert JB, Church TS, et al. (2005). Cardiorespiratory 
fitness is inversely associated with incident of metabolic syndrome. A prospective 
study of men and women. Circulation Vol. 112, No. 4 (July 2005), pp. 505-12. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

22

Lee SJ, Kuk J, Katzmarzyk PT, Blair SN, Church TS, et al. (2005). Cardiorespiratory fitness 
attenuates metabolic risk independent of abdominal subcutaneous and visceral fat 
in mean. Diabetes Care Vol. 28, No. 4 (April 2005), pp. 895-901. 

Lessard S, Rivas D, Chen ZP, Bonen A, Febbraio MA, et al. (2007). Tissue-specific effects of 
rosiglitazone and exercise in the treatment of lipid-induced insulin resistance. 
Diabetes Vol. 56, No. 7 (July 2007), pp. 1856-64. 

Lillioja S, Young A, Culter C, Ivy JL, Abbott WG, et al. (1987). “Skeletal muscle capillary 
density and fiber type are possible determinants of in vivo insulin resistance in 
man. Journal of Clinical Investigation Vol. 80, No.2 (August 1987),  pp. 415-24. 

Lim CT, Kola B & Korbonits M. (2010). “AMPK as a mediator of hormonal signaling. Journal 
of Molecular Endocrinology Vol. 44, No. 2 (February 2010), pp. 87-97. 

Lindsay RS & Bennett PH. (2001). Type 2 diabetes, the thrifty phenotype – an overview. 
British Medicine Bulletin Vol. 60, pp. 21-32. 

Marchesini G, Natale S, Tiraferri F, Tartaglia A, Moscatiello S, et al (2003). The burden of 
obesity on everyday life: a role for osteoarticular and respiratory diseases. Diabetes 
Nutrition and Metabolism Vol.16, No.5-6 (October-December 2003), pp.284-90. 

Marciniak SJ & Ron D. (2006). Endoplasmic reticulum stress signaling in disease. 
Physiological Reviews Vol. 86, No. 4 (October 2006), pp. 1133-1149. 

Marini M & Veicsteinas A. (2010). The exercised skeletal muscle: a review”. European Journal 
of Translational Myology – Myology Reviews Vol. 10, No. 3, pp. 105-120. 

Meex R, Schrauwen-Hinderling V, Moonen-Kornips E, Schaart G, Mensink M, et al. (2010). 
Restoration of muscle mitochondrial function and metabolic flexibility in type 2 
diabetes by exercise training is paralleled by increased myocellular fat storage and 
improved insulin sensitivity. Diabetes Vol. 59, No. 3 (March 2010), pp. 572-79. 

Michiels C, Minet E, Mottet D, Raes M. (2002). Regulation of gene expression by oxygen: 
NF-kappaB and HIF-1, two extremes. Free Radical Biology and Medicine Vol. 33, No. 9 
(November 2002), pp.1231-42. 

Mietus-Snyder M & Lustig RH. (2008). Childhood obesity: adrift in the limbic triangle. 
Annual Review Medicine Vol. 59, pp.147-62. 

Moro C, Bajpeyi S & Smith SR. (2008). Determinants of intramyocellular triglyceride 
turnover: implications for insulin sensitivity. American Journal of Physiology 
Endocrinology and Metabolism Vol. 294, No. 2 (February 2008), pp.E203-E213. 

Musi N, Fujii N, Hirshman M, Ekberg I, Fröberg S, et al. (2001). AMP-activated protein 
kinase (AMPK) is activated in muscle of subjects with type 2 diabetes during 
exercise. Diabetes Vol. 50, No. 5 (May 2001), pp. 921-27. 

Must A, Spadano J, Coakley E, Field AE, Colditz G, Dietz WH. (1999). The disease burden 
associated with overweight and obesity. Journal of the American Medical Association 
Vol. 282, No.16 (October 1999), pp.1523-29. 

Neel JV. (1962). Diabetes mellitus: a ‘thrifty’ genotype rendered detrimental by ‘progress’?. 
American Journal of Human Genetics Vol. 14 (December 1962), pp. 353-62. 

Newsholme P, Homem de Bittencourt P, O´Hagan C, De Vito G, Murphy C, et al. (2010). 
Exercise and possible molecular mechanism of protection from vascular disease 
and diabetes: the central role of ROS and nitric oxide. Clinical Science Vol. 118, No. 5 
(November 2010), pp. 341-49. 

Niskanen L, Laaksonen D, Nyyssönen K, et al. “Inflammation, abdominal obesity, and 
smoking as predictors of hypertension”. Hypertension 2004;44:859-65 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

23 

O´Dea K (1992). Obesity and diabetes in “the land of milk and honey. Diabetes Metabolism 
Review Vol.8, No.4 (December 1992), pp. 373-88. 

Opal SM & DePalo VA. (2000). Anti-inflammatory cytokines. Chest Vol. 117, No. 4 (April 
2000), pp. 1162-72. 

Oster G, Edelsberg J, O´Sullivan AK, Thompson D. (2000) The clinical and economic burden 
of obesity in a managed care setting. American Journal of Managing Care Vol. 6, No.6, 
(June 2000), pp. 681-89. 

Ostrowski K, Rohde T, Asp S, Schjerling P, Pedersen BK. (1999). Pro- and anti-inflammatory 
cytokine balance in strenuous exercise in humans. Journal of Physiology Vol. 515 
(February 1999), pp. 287-91. 

Pagel-Langenickel I, Bao J, Pang L, Sack M. (2010). The role of mitochondria in the 
pathology of skeletal muscle insulin resistance. Endocrine Reviews Vol. 31, No. 1 
(February 2010), pp. 25-51. 

Pan DA, Lillioja S, Kriketos AD, Milner MR, Baur LA, et al. (1997). Skeletal muscle 
triglycerides levels are inversely related to insulin action. Diabetes Vol. 46, No. 6 
(June 1997), pp. 983-88. 

Panagiotakos DB, Pitsavos C, Yannakoulia M, Chrysohoou C, Stefanadis C. (2005). The 
implication of obesity and central fat on markers of chronic inflammation: the 
ATTICA study. Atherosclerosis Vol.183, No.2 (December 2005), pp.308-15. 

Pate RR, Pratt M, Blair SN, Haskell WL, Macera CA, et al. (1995). Physical activity and 
public health – A recommendation from the Centers for Disease Control and 
Prevention and the American College of Sports Medicine. Journal of the American 
Medical Association Vol.273, No.5 (February 1995), pp.402-07. 

Pedersen BK, Ǻkerström TC, Nielsen AR, Fischer CP. (2007). Role of myokines in exercise 
and metabolism. Journal of Applied Physiology Vol. 103, No. 3 (September 2007), pp. 
1093-98. 

Pedersen BK, Febbraio M & Mooney R. (2007). Interleukin-6 does/does not have a beneficial 
role in insulin sensitivity and glucose homeostasis. Journal of Applied Physiology Vol. 
102, No. 2 (February 2007), pp. 814-16. 

Petersen AM & Pedersen BK. (2005). The anti-inflammatory effect of exercise. Journal of 
Applied Physiology Vol. 98, No. 4 (April 2005), pp.1154-62. 

Pette D & Staron RS. (1997). Mammalian skeletal muscle fiber type transitions. International 
Review of Cytology Vol. 170, pp.143-223. 

Pistilli EE, Devaney JM, Gordish-Dressman H, Bradbury MK, Seip RL, et al. (2008). 
Interleukin-15 and Interleukin-15Ra SNPs and association with muscle, bone and 
predictors of metabolic syndrome. Cytokine Vol. 43, No. 1 (July 2008), pp. 45-53. 

Pi-Sunyer FX. (2000). The obesity pandemic: pathophysiology and consequences of obesity. 
Obesity Research Vol.10, No.10, pp.97S-104S. 

Pollock M, Franklin B, Balady G, Chaitman BL, Fleq JL, et al. (2000). AHA Science Advisory. 
Resistance exercise in individuals with and without cardiovascular disease. 
Circulation Vol.101, No.7 (February 2000), pp.28-33. 

Prentice A, Rayco-Solon P & Moore S. (2005). Insights from the developing world: thrifty 
genotypes and thrifty phenotypes. Proceedings of the Nutrition Society Vol.64, No. 2 
(May 2005), pp.153-161. 

 Quinn LS, Anderson BG, Drivdahl RH, Alvarez B, Argilés JM. (2002). Overexpression of 
interleukin-15 induces skeletal muscle hypertrophy in vitro: implications for 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

22

Lee SJ, Kuk J, Katzmarzyk PT, Blair SN, Church TS, et al. (2005). Cardiorespiratory fitness 
attenuates metabolic risk independent of abdominal subcutaneous and visceral fat 
in mean. Diabetes Care Vol. 28, No. 4 (April 2005), pp. 895-901. 

Lessard S, Rivas D, Chen ZP, Bonen A, Febbraio MA, et al. (2007). Tissue-specific effects of 
rosiglitazone and exercise in the treatment of lipid-induced insulin resistance. 
Diabetes Vol. 56, No. 7 (July 2007), pp. 1856-64. 

Lillioja S, Young A, Culter C, Ivy JL, Abbott WG, et al. (1987). “Skeletal muscle capillary 
density and fiber type are possible determinants of in vivo insulin resistance in 
man. Journal of Clinical Investigation Vol. 80, No.2 (August 1987),  pp. 415-24. 

Lim CT, Kola B & Korbonits M. (2010). “AMPK as a mediator of hormonal signaling. Journal 
of Molecular Endocrinology Vol. 44, No. 2 (February 2010), pp. 87-97. 

Lindsay RS & Bennett PH. (2001). Type 2 diabetes, the thrifty phenotype – an overview. 
British Medicine Bulletin Vol. 60, pp. 21-32. 

Marchesini G, Natale S, Tiraferri F, Tartaglia A, Moscatiello S, et al (2003). The burden of 
obesity on everyday life: a role for osteoarticular and respiratory diseases. Diabetes 
Nutrition and Metabolism Vol.16, No.5-6 (October-December 2003), pp.284-90. 

Marciniak SJ & Ron D. (2006). Endoplasmic reticulum stress signaling in disease. 
Physiological Reviews Vol. 86, No. 4 (October 2006), pp. 1133-1149. 

Marini M & Veicsteinas A. (2010). The exercised skeletal muscle: a review”. European Journal 
of Translational Myology – Myology Reviews Vol. 10, No. 3, pp. 105-120. 

Meex R, Schrauwen-Hinderling V, Moonen-Kornips E, Schaart G, Mensink M, et al. (2010). 
Restoration of muscle mitochondrial function and metabolic flexibility in type 2 
diabetes by exercise training is paralleled by increased myocellular fat storage and 
improved insulin sensitivity. Diabetes Vol. 59, No. 3 (March 2010), pp. 572-79. 

Michiels C, Minet E, Mottet D, Raes M. (2002). Regulation of gene expression by oxygen: 
NF-kappaB and HIF-1, two extremes. Free Radical Biology and Medicine Vol. 33, No. 9 
(November 2002), pp.1231-42. 

Mietus-Snyder M & Lustig RH. (2008). Childhood obesity: adrift in the limbic triangle. 
Annual Review Medicine Vol. 59, pp.147-62. 

Moro C, Bajpeyi S & Smith SR. (2008). Determinants of intramyocellular triglyceride 
turnover: implications for insulin sensitivity. American Journal of Physiology 
Endocrinology and Metabolism Vol. 294, No. 2 (February 2008), pp.E203-E213. 

Musi N, Fujii N, Hirshman M, Ekberg I, Fröberg S, et al. (2001). AMP-activated protein 
kinase (AMPK) is activated in muscle of subjects with type 2 diabetes during 
exercise. Diabetes Vol. 50, No. 5 (May 2001), pp. 921-27. 

Must A, Spadano J, Coakley E, Field AE, Colditz G, Dietz WH. (1999). The disease burden 
associated with overweight and obesity. Journal of the American Medical Association 
Vol. 282, No.16 (October 1999), pp.1523-29. 

Neel JV. (1962). Diabetes mellitus: a ‘thrifty’ genotype rendered detrimental by ‘progress’?. 
American Journal of Human Genetics Vol. 14 (December 1962), pp. 353-62. 

Newsholme P, Homem de Bittencourt P, O´Hagan C, De Vito G, Murphy C, et al. (2010). 
Exercise and possible molecular mechanism of protection from vascular disease 
and diabetes: the central role of ROS and nitric oxide. Clinical Science Vol. 118, No. 5 
(November 2010), pp. 341-49. 

Niskanen L, Laaksonen D, Nyyssönen K, et al. “Inflammation, abdominal obesity, and 
smoking as predictors of hypertension”. Hypertension 2004;44:859-65 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

23 

O´Dea K (1992). Obesity and diabetes in “the land of milk and honey. Diabetes Metabolism 
Review Vol.8, No.4 (December 1992), pp. 373-88. 

Opal SM & DePalo VA. (2000). Anti-inflammatory cytokines. Chest Vol. 117, No. 4 (April 
2000), pp. 1162-72. 

Oster G, Edelsberg J, O´Sullivan AK, Thompson D. (2000) The clinical and economic burden 
of obesity in a managed care setting. American Journal of Managing Care Vol. 6, No.6, 
(June 2000), pp. 681-89. 

Ostrowski K, Rohde T, Asp S, Schjerling P, Pedersen BK. (1999). Pro- and anti-inflammatory 
cytokine balance in strenuous exercise in humans. Journal of Physiology Vol. 515 
(February 1999), pp. 287-91. 

Pagel-Langenickel I, Bao J, Pang L, Sack M. (2010). The role of mitochondria in the 
pathology of skeletal muscle insulin resistance. Endocrine Reviews Vol. 31, No. 1 
(February 2010), pp. 25-51. 

Pan DA, Lillioja S, Kriketos AD, Milner MR, Baur LA, et al. (1997). Skeletal muscle 
triglycerides levels are inversely related to insulin action. Diabetes Vol. 46, No. 6 
(June 1997), pp. 983-88. 

Panagiotakos DB, Pitsavos C, Yannakoulia M, Chrysohoou C, Stefanadis C. (2005). The 
implication of obesity and central fat on markers of chronic inflammation: the 
ATTICA study. Atherosclerosis Vol.183, No.2 (December 2005), pp.308-15. 

Pate RR, Pratt M, Blair SN, Haskell WL, Macera CA, et al. (1995). Physical activity and 
public health – A recommendation from the Centers for Disease Control and 
Prevention and the American College of Sports Medicine. Journal of the American 
Medical Association Vol.273, No.5 (February 1995), pp.402-07. 

Pedersen BK, Ǻkerström TC, Nielsen AR, Fischer CP. (2007). Role of myokines in exercise 
and metabolism. Journal of Applied Physiology Vol. 103, No. 3 (September 2007), pp. 
1093-98. 

Pedersen BK, Febbraio M & Mooney R. (2007). Interleukin-6 does/does not have a beneficial 
role in insulin sensitivity and glucose homeostasis. Journal of Applied Physiology Vol. 
102, No. 2 (February 2007), pp. 814-16. 

Petersen AM & Pedersen BK. (2005). The anti-inflammatory effect of exercise. Journal of 
Applied Physiology Vol. 98, No. 4 (April 2005), pp.1154-62. 

Pette D & Staron RS. (1997). Mammalian skeletal muscle fiber type transitions. International 
Review of Cytology Vol. 170, pp.143-223. 

Pistilli EE, Devaney JM, Gordish-Dressman H, Bradbury MK, Seip RL, et al. (2008). 
Interleukin-15 and Interleukin-15Ra SNPs and association with muscle, bone and 
predictors of metabolic syndrome. Cytokine Vol. 43, No. 1 (July 2008), pp. 45-53. 

Pi-Sunyer FX. (2000). The obesity pandemic: pathophysiology and consequences of obesity. 
Obesity Research Vol.10, No.10, pp.97S-104S. 

Pollock M, Franklin B, Balady G, Chaitman BL, Fleq JL, et al. (2000). AHA Science Advisory. 
Resistance exercise in individuals with and without cardiovascular disease. 
Circulation Vol.101, No.7 (February 2000), pp.28-33. 

Prentice A, Rayco-Solon P & Moore S. (2005). Insights from the developing world: thrifty 
genotypes and thrifty phenotypes. Proceedings of the Nutrition Society Vol.64, No. 2 
(May 2005), pp.153-161. 

 Quinn LS, Anderson BG, Drivdahl RH, Alvarez B, Argilés JM. (2002). Overexpression of 
interleukin-15 induces skeletal muscle hypertrophy in vitro: implications for 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

24

treatment of muscle wasting disorders. Experimental Cell Research Vol. 280, No. 1 
(October 2002), pp. 55-63. 

Quinn LS, Anderson BG, Strait-Bodey L, Stroud AM, Argilés JM. (2009). Oversecretion of 
interleukin-15 from skeletal muscle reduces adiposity. American Journal of Physiology 
Endocrinology and Metabolism Vol. 296, No. 1 (January 2009), pp. E191-E202. 

Quinn LS, Strait-Bodey L, Andersen BG, Argilés JM, Havel PJ. (2005). Interleukin-15 
stimulates adiponectin secretion by 3T3-L1 adipocytes: evidence for a skeletal 
muscle-to-fat- signaling pathway. Cell Biology International Vol. 29, No. 6 (June 
2005), pp. 449-57. 

Quinn LS. (2008). Interleukin-15: a muscle-derived cytokine regulating fat-to-lean body 
composition. Journal of Animal Science Vol. 86, No. 14 Suppl (April 2008), pp. E75-
E83. 

Rabøl R, Larsen S, Højberg PM, Almdal T, Boushel R, et al. (2010). Regional anatomic 
differences in skeletal muscle mitochondrial respiration in type 2 diabetes and 
obesity. Journal of Clinical Endocrinology and Metabolism Vol.95, No. 2 (February 
2010), pp.857-63. 

Randle PJ, Garland PB, Hales CN, Newsholme EA. (1963). The glucose fatty acid cycle: its 
role in insulin sensitivity and the metabolic disturbances of diabetes mellitus”. 
Lancet Vol.13, No.1 (April 1963), pp.7285-89. 

Regazzetti C, Peraldi P, Grémeaux T, Najem-Lendom R, Ben-Sahra I, et al. (2009). Hypoxia 
decreases insulin signaling pathways in adipocytes. Diabetes Vol.58, No.1 (January 
2009), pp. 95-103. 

Regensteiner J, Bauer T & Reusch J. (2005). Rosiglitazone improves exercise capacity in 
individuals with type 2 diabetes. Diabetes Care Vol. 28, No. 12 (December 2005), pp. 
2877-83. 

Röckl K, Hirshman MF, Brandauer J, Fujii N, Witters LA, et al. (2007). Skeletal muscle 
adaptation to exercise training. AMP-activated protein kinase mediates muscle 
fiber type shift. Diabetes Vol. 56, No. 8 (August 2007), pp. 2062-69. 

Rose AJ & Richter EA. “Skeletal muscle glucose uptake during exercise: how is it regulated?. 
Physiology (Bethesda) Vol. 20 (August 2005), pp. 260-70. 

Rosengren A &Wilhelmsen L. (1997). Physical activity protects against coronary death and 
deaths from all causes in middle-aged men. Evidence from a 20-year follow-up of 
the primary prevention study in Göteborg. Annals of  Epidemiology Vol.7, No.1 
(January 1997), pp.69-75. 

Rotter V, Nagaev I & Smith U. (2003). Interleukin-6 (IL-6) induces insulin resistance in 3T3-
L1 adipocytes and is, like IL-8 and Tumor Necrosis Factor-α, overexpressed in 
human fat cells from insulin-resistant subjects. Journal of Biological Chemistry Vol. 
278, No. 46 (November 2003), pp. 45777-784. 

Ryu E, Harding H, Angelastro JM, Vitolo OV, Ron D, et al. (2002). Endoplasmic reticulum 
stress and the unfolded protein response in cellular models of Parkinson´s disease.  
Journal of Neuroscience Vol. 22, No. 24 (December 2002), pp. 10690-698. 

Saltin B (1992). Sedentary lifestyle: an underestimated health risk. Journal of Internal Medicine 
Vol.232, No.6 (December 1992), pp. 467-69. 

Samokhvalov V, Bilan P, Schertzer JD, Antonescu CN, Klip A. (2009). Palmitate-and 
lipopolysaccharide-activated macrophage evoke contrasting insulin responses in 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

25 

muscle cells. American Journal of Physiology Endocrinology and Metabolism Vol. 296, 
No. 1 (January 2009), pp.E37-E46. 

Sartipy P & Loskutoff D. (2003). Monocyte chemoattractant protein 1 in obesity and insulin 
resistance. Proceedings of the National Academy of Sciences of the United States of 
America Vol. 100, No. 12 (June 2003), pp.7265-70. 

Sawada S, Lee IM, Naito H, Noguchi J, Tsukamoto K, et al. (2003). Long-term trends in 
cardiorespiratory fitness and the incidence of type 2 diabetes. Diabetes Care Vol. 33, 
No. 6 (June 2010), pp. 1353-57. 

Scheuner D & Kaufman R. (2008). The unfolded protein response: a pathway that links 
insulin demand with β-cell failure and diabetes. Endocrine Reviews Vol. 29, No. 3 
(may 2008), pp.317-33. 

Schiaffino S & Serrano AL. (2002). Calcineurin signaling and neural control of skeletal 
muscle fiber type and size. Trends in Pharmacological Sciences Vol. 23, No. 12 
(December 2002), pp. 569-75. 

Scott W, Stevens J & Binder-Macleod SA. (2001). Human skeletal muscle fiber type 
classifications. Physical Therapy Vol. 81, No. 11 (November  2001), pp. 1810-16. 

Sell H, Dietze-Schroeder D & Eckel J. (2006). The adipocyte-myocyte axis in insulin 
resistance. Trends in Endocrinology and Metabolism Vol. 17, No. 10 (December 2006), 
pp. 416-22. 

Sell H, Eckardt K, Taube A, Tews D, Gurqui M, et al. (2008). Skeletal muscle insulin 
resistance induced by adipocyte-conditioned medium: underlying mechanisms and 
reversibility. American Journal of Physiology Endocrinology and Metabolism Vol. 294, 
No. 6 (June 2008), pp. E1070-E1077. 

Sethi JK &Vidal-Puig AJ. (2007). Adipose tissue function and plasticity orchestrate 
nutritional adaptation. Journal of Lipid Research Vol. 48, No. 6 (June 2007), pp.1253-
62. 

Shadid S & Jensen M. (2003). Effects of pioglitazone versus diet and exercise on metabolic 
health and fat distribution in upper body obesity. Diabetes Care Vol. 26, No. 11 
(November 2003), pp. 3148-52. 

Sherwood DJ, Dufresne SD, Markuns JF, Cheatham B, Moller DE, et al. (1999). Differential 
regulation of MAP kinase, p70(S6k) and Akt by contraction and insulin in rat 
skeletal muscle. American Journal of Physiology Vol. 276, No. 5 pt 1 (May 1999), pp. 
E870-E878. 

Shimomura I, Hammer R, Ikemoto S, Brown MS, Goldstein JL. (1999). Leptin reverses 
insulin resistance and diabetes mellitus in mice with congenital lipodystrophy. 
Nature Vol. 401, No. 6748 (September 1999), pp.73-76. 

Shulman G. (2000). Cellular mechanisms of insulin resistance. Journal of Clinical Investigation 
Vol.106, No2 (July 2000), pp.171-76. 

Sigal RK, Kenny GP, Boulé NG, Wells GA, Prud´homme D, et al. (2007). Effects of aerobic 
training, resistance training, or both on glycemic control in type 2 diabetes: a 
randomized trial. Annals of Internal Medicine Vol. 147, No. 6 (September 2007), pp. 
357-69. 

Simons PJ, van de Pangaart P, van Roomen CP, Aerts JM, Boon L. (2005). Cytokine-
mediated modulation of leptin and adiponectin secretion during in vitro 
adipogenesis: evidence that tumor necrosis factor-α- and interleukin-1β treated 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

24

treatment of muscle wasting disorders. Experimental Cell Research Vol. 280, No. 1 
(October 2002), pp. 55-63. 

Quinn LS, Anderson BG, Strait-Bodey L, Stroud AM, Argilés JM. (2009). Oversecretion of 
interleukin-15 from skeletal muscle reduces adiposity. American Journal of Physiology 
Endocrinology and Metabolism Vol. 296, No. 1 (January 2009), pp. E191-E202. 

Quinn LS, Strait-Bodey L, Andersen BG, Argilés JM, Havel PJ. (2005). Interleukin-15 
stimulates adiponectin secretion by 3T3-L1 adipocytes: evidence for a skeletal 
muscle-to-fat- signaling pathway. Cell Biology International Vol. 29, No. 6 (June 
2005), pp. 449-57. 

Quinn LS. (2008). Interleukin-15: a muscle-derived cytokine regulating fat-to-lean body 
composition. Journal of Animal Science Vol. 86, No. 14 Suppl (April 2008), pp. E75-
E83. 

Rabøl R, Larsen S, Højberg PM, Almdal T, Boushel R, et al. (2010). Regional anatomic 
differences in skeletal muscle mitochondrial respiration in type 2 diabetes and 
obesity. Journal of Clinical Endocrinology and Metabolism Vol.95, No. 2 (February 
2010), pp.857-63. 

Randle PJ, Garland PB, Hales CN, Newsholme EA. (1963). The glucose fatty acid cycle: its 
role in insulin sensitivity and the metabolic disturbances of diabetes mellitus”. 
Lancet Vol.13, No.1 (April 1963), pp.7285-89. 

Regazzetti C, Peraldi P, Grémeaux T, Najem-Lendom R, Ben-Sahra I, et al. (2009). Hypoxia 
decreases insulin signaling pathways in adipocytes. Diabetes Vol.58, No.1 (January 
2009), pp. 95-103. 

Regensteiner J, Bauer T & Reusch J. (2005). Rosiglitazone improves exercise capacity in 
individuals with type 2 diabetes. Diabetes Care Vol. 28, No. 12 (December 2005), pp. 
2877-83. 

Röckl K, Hirshman MF, Brandauer J, Fujii N, Witters LA, et al. (2007). Skeletal muscle 
adaptation to exercise training. AMP-activated protein kinase mediates muscle 
fiber type shift. Diabetes Vol. 56, No. 8 (August 2007), pp. 2062-69. 

Rose AJ & Richter EA. “Skeletal muscle glucose uptake during exercise: how is it regulated?. 
Physiology (Bethesda) Vol. 20 (August 2005), pp. 260-70. 

Rosengren A &Wilhelmsen L. (1997). Physical activity protects against coronary death and 
deaths from all causes in middle-aged men. Evidence from a 20-year follow-up of 
the primary prevention study in Göteborg. Annals of  Epidemiology Vol.7, No.1 
(January 1997), pp.69-75. 

Rotter V, Nagaev I & Smith U. (2003). Interleukin-6 (IL-6) induces insulin resistance in 3T3-
L1 adipocytes and is, like IL-8 and Tumor Necrosis Factor-α, overexpressed in 
human fat cells from insulin-resistant subjects. Journal of Biological Chemistry Vol. 
278, No. 46 (November 2003), pp. 45777-784. 

Ryu E, Harding H, Angelastro JM, Vitolo OV, Ron D, et al. (2002). Endoplasmic reticulum 
stress and the unfolded protein response in cellular models of Parkinson´s disease.  
Journal of Neuroscience Vol. 22, No. 24 (December 2002), pp. 10690-698. 

Saltin B (1992). Sedentary lifestyle: an underestimated health risk. Journal of Internal Medicine 
Vol.232, No.6 (December 1992), pp. 467-69. 

Samokhvalov V, Bilan P, Schertzer JD, Antonescu CN, Klip A. (2009). Palmitate-and 
lipopolysaccharide-activated macrophage evoke contrasting insulin responses in 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

25 

muscle cells. American Journal of Physiology Endocrinology and Metabolism Vol. 296, 
No. 1 (January 2009), pp.E37-E46. 

Sartipy P & Loskutoff D. (2003). Monocyte chemoattractant protein 1 in obesity and insulin 
resistance. Proceedings of the National Academy of Sciences of the United States of 
America Vol. 100, No. 12 (June 2003), pp.7265-70. 

Sawada S, Lee IM, Naito H, Noguchi J, Tsukamoto K, et al. (2003). Long-term trends in 
cardiorespiratory fitness and the incidence of type 2 diabetes. Diabetes Care Vol. 33, 
No. 6 (June 2010), pp. 1353-57. 

Scheuner D & Kaufman R. (2008). The unfolded protein response: a pathway that links 
insulin demand with β-cell failure and diabetes. Endocrine Reviews Vol. 29, No. 3 
(may 2008), pp.317-33. 

Schiaffino S & Serrano AL. (2002). Calcineurin signaling and neural control of skeletal 
muscle fiber type and size. Trends in Pharmacological Sciences Vol. 23, No. 12 
(December 2002), pp. 569-75. 

Scott W, Stevens J & Binder-Macleod SA. (2001). Human skeletal muscle fiber type 
classifications. Physical Therapy Vol. 81, No. 11 (November  2001), pp. 1810-16. 

Sell H, Dietze-Schroeder D & Eckel J. (2006). The adipocyte-myocyte axis in insulin 
resistance. Trends in Endocrinology and Metabolism Vol. 17, No. 10 (December 2006), 
pp. 416-22. 

Sell H, Eckardt K, Taube A, Tews D, Gurqui M, et al. (2008). Skeletal muscle insulin 
resistance induced by adipocyte-conditioned medium: underlying mechanisms and 
reversibility. American Journal of Physiology Endocrinology and Metabolism Vol. 294, 
No. 6 (June 2008), pp. E1070-E1077. 

Sethi JK &Vidal-Puig AJ. (2007). Adipose tissue function and plasticity orchestrate 
nutritional adaptation. Journal of Lipid Research Vol. 48, No. 6 (June 2007), pp.1253-
62. 

Shadid S & Jensen M. (2003). Effects of pioglitazone versus diet and exercise on metabolic 
health and fat distribution in upper body obesity. Diabetes Care Vol. 26, No. 11 
(November 2003), pp. 3148-52. 

Sherwood DJ, Dufresne SD, Markuns JF, Cheatham B, Moller DE, et al. (1999). Differential 
regulation of MAP kinase, p70(S6k) and Akt by contraction and insulin in rat 
skeletal muscle. American Journal of Physiology Vol. 276, No. 5 pt 1 (May 1999), pp. 
E870-E878. 

Shimomura I, Hammer R, Ikemoto S, Brown MS, Goldstein JL. (1999). Leptin reverses 
insulin resistance and diabetes mellitus in mice with congenital lipodystrophy. 
Nature Vol. 401, No. 6748 (September 1999), pp.73-76. 

Shulman G. (2000). Cellular mechanisms of insulin resistance. Journal of Clinical Investigation 
Vol.106, No2 (July 2000), pp.171-76. 

Sigal RK, Kenny GP, Boulé NG, Wells GA, Prud´homme D, et al. (2007). Effects of aerobic 
training, resistance training, or both on glycemic control in type 2 diabetes: a 
randomized trial. Annals of Internal Medicine Vol. 147, No. 6 (September 2007), pp. 
357-69. 

Simons PJ, van de Pangaart P, van Roomen CP, Aerts JM, Boon L. (2005). Cytokine-
mediated modulation of leptin and adiponectin secretion during in vitro 
adipogenesis: evidence that tumor necrosis factor-α- and interleukin-1β treated 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

26

human preadipocytes are potent leptin producers. Cytokine Vol. 32, No. 2 (October 
2005), pp.94-103. 

Smith AC, Mullen KL, Junkin KA, Nickerson J, Chabowski A, et al. (2007). Metformin and 
exercise reduce muscle FAT/CD36 and lipid accumulation and blunt the 
progression of high-fat diet-induced hyperglycemia. American Journal of Physiology 
Endocrinology and Metabolism Vol. 293, No. 1 (July 2007), pp. E172-E181. 

Song, XM, Ryder JW, Kawano Y, et al. (1999). Muscle fiber type specificity in insulin signal 
transduction. American Journal of Physiology Regulatory Integrative Comparative 
Physiology Vol. 277, No. 6 (December 1999), pp. R1690-R1696. 

Steppan C & Lazar MA. (2002). Resistin and obesity-associated insulin resistance”. Trends in 
Endocrinology and Metabolism Vol. 13, No. 1 (January-February 2002), pp. 18-23. 

Stienstra R, Joosten LA, Koenen T, van Tits B, van Diepen, et al. (2010). The inflammasome-
mediated caspase-1 activation controls adipocyte differentiation and insulin 
Sensitivity. Cell Metabolism Vol. 12, No. 6 (December 2010), pp. 593-605. 

Summermatter S, Marcelino H, Arsenijevic D, Buchala A, Aprikian O, et al. (2009). Adipose 
tissue plasticity during catch-up growth fat driven by thrifty metabolism. Diabetes 
Vol. 58, No. 10 (October 2009), pp. 2228-37. 

Suzuki K, Yamada M, Kurakake S, Okamura N, Yamaya K, et al. (2000). Circulating 
cytokines and hormones with immunosuppressive but neutrophil-priming 
potentials rise after endurance exercise in humans. European Journal of Applied 
Physiology Vol. 81, No. 4 (March 2000), pp. 281-87. 

Tang T & Reed MJ. (2001). Exercise adds to metformin and acarbose efficacy in db/db mice. 
Metabolism Vol. 50, No. 9 (September 2001), pp. 1049-53. 

Tanner CJ, Bakarat H, Dohm L, Pories WJ, MacDonald KG, Cunnigham PR, et al. (2001). 
Muscle fiber type is associated with obesity and weight loss. American Journal of 
Physiology Endocrinology and Metabolism Vol. 282, No. 6 (June 2001), pp.E1191-E1196. 

Taube A, Eckardt K & Eckel J. (2009). Role of lipid-derived mediators in skeletal muscle 
resistance. American Journal of Physiology Endocrinology and Metabolism Vol. 297, No. 
5 (November 2009), pp. E1004-E1012. 

Thompson D, Wolf A. (2001) The medical-care cost burden of obesity. Obesity Reviews Vol.2 
No.3 (August 2001), pp. 189-97. 

Thompson P. (2003).  “Exercise and. physical activity in the prevention and treatment of 
atherosclerotic cardiovascular disease. Arteriosclerosis Thrombosis and Vascular 
Biology Vol.23, No.8 (August 2003), pp.1319-21. 

Thyfault JP. (2008). Setting the stage: possible mechanisms by which acute contraction 
restores insulin sensitivity in muscle. American Journal of Physiology Regulatory 
Integrative and Comparative Physiology Vol. 294, No. 4 (April 2008), pp. R1103-R1110. 

Trayhurn P & Woods IS. (2004). Adipokines: inflammation and the pleiotropic role of white 
adipose tissue. British Journal of Nutrition Vol. 92, No. 3 (September 2004), pp. 347-
55. 

Turcotte L & Fisher J. (2008). Skeletal muscle insulin resistance: roles of fatty acid 
metabolism and exercise. Physical Therapy Vol. 88, No. 11 (November), pp. 1279-96. 

Um SH, D´Alessio D & Thomas G. Nutrition overload, insulin resistance and ribosomal 
protein S6 kinase 1, S6K1. Cell Metabolism Vol. 3, No. 6 (June 2006), pp.393-402. 

Valencia ME, Bennett PH, Ravussin E, Esparza J, Fox C, et al. (1999). The Pima Indians in 
Sonora, Mexico. Nutrition Reviews Vol. 57, No. 5 pt 2 (May 1999), pp. S55-S57. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

27 

Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, et al. (2011). The NLRP3 
inflammasome instigates obesity-induced inflammation and insulin resistance. 
Nature Medicine Vol. 17, No. 2 (February 2011), pp. 179-88. 

Varma V, Yao-Borengasser A, Rasouli N, Nolen GT, Phanavanh B, et al. (2009). Muscle 
inflammatory response and insulin resistance: synergistic interaction between 
macrophages and fatty acid leads to impaired insulin action. American Journal of 
Physiology Endocrinology and Metabolism Vol. 296, No. 6 (June 2009), pp. E1300-
E1310. 

Varma V, Yao-Borenhasser A, Rasouli N, Bodles AM, Phanavahn B, et al. (2007). Human 
visfatin expression: relationship to insulin sensitivity, intramyocellular lipids, and 
inflammation. Journal of Clinical Endocrinology and Metabolism Vol. 92, No. 2 
(February 2007), pp.666-72. 

Vendrell J, Broch M, Vilarrasa N, Molina A, Gómez JM, et al. (2004). Resistin, adiponectin, 
ghrelin, leptin, and proinflammatory cytokines: relationships in obesity. Obesity 
Research Vol. 12, No. 6 (June 2004), pp.962-71. 

Vickers MH, Reddy S, Ikenasio BA, Breier BH. (2001). Dysregulation of the adipoinsular axis 
– a mechanism for the pathogenesis of hyperleptinemia and adipogenic diabetes 
induced by fetal programming. Journal of Endocrinology Vol. 170, No. 2 (August 
2001), pp. 323-332. 

Virkamäki A, Korsheninnikova E, Seppälä-Lindroos A, Vehkavaara S, Goto T, et al. (2001). 
Intramyocellular lipid is associated with resistance to in vivo insulin actions on 
glucose uptake, antilipolysis, and early insulin signaling pathways in human 
skeletal muscle. Diabetes Vol. 50, No. 10 (October 2001), pp.2337-43. 

Wang B, Wood IS & Tryhurn P. (2007). Dysregulation of the expression and secretion of 
inflammation related adipokines by hypoxia in human adipocytes. European Journal 
of Physiology Vol.455, No. 3 (December 2007), pp. 479-92. 

Wang YX, Zhang CL, Yu RT, Cho HK, Nelson MC, et al. (2004). Regulation of muscle fiber 
type and running endurance by PPARδ. PLoS Biology Vol. 2, No. 10 (October 2004), 
pp. 1532-39. 

Weisberg S, Hunter D, Huber R, Lemieux J, Slaymaker S, et al. (2006). CCR2 modulates 
inflammatory and metabolic effects of high-fat deeding. Journal of Clinical 
Investigation Vol. 116, No. 1 (January 2006), pp.115-124. 

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003). Obesity is 
associated with macrophage accumulation in adipose tissue. Journal of Clinical 
Investigation Vol. 112, No. 12 (December 2003), pp. 1796-1808. 

Wendorf M & Goldfine ID. (1991). Archaeology of NIDDM. Excavation of the ‘thrifty’ 
genotype. Diabetes Vol. 40, No. 2 (February 1991), pp. 161-65. 

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa, et al. (2001). Hypoadiponectinemia 
in obesity and type 2 diabetes: close association with insulin resistance and 
hyperinsulinemia. Journal of Clinical Endocrinology and Metabolism Vol. 86, No. 5 
(May 2001), pp. 1930-35. 

Williams PT. (2001). Physical fitness and activity as separate heart disease risk factors: a 
meta-analysis. Medicine and Science in Sports and  Exercise Vol.33, No. 5 (May 2001), 
pp.754-61. 

World Health Organization (September 2006). Obesity and Overweight.  In: WHO, January 
2011, available from 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

26

human preadipocytes are potent leptin producers. Cytokine Vol. 32, No. 2 (October 
2005), pp.94-103. 

Smith AC, Mullen KL, Junkin KA, Nickerson J, Chabowski A, et al. (2007). Metformin and 
exercise reduce muscle FAT/CD36 and lipid accumulation and blunt the 
progression of high-fat diet-induced hyperglycemia. American Journal of Physiology 
Endocrinology and Metabolism Vol. 293, No. 1 (July 2007), pp. E172-E181. 

Song, XM, Ryder JW, Kawano Y, et al. (1999). Muscle fiber type specificity in insulin signal 
transduction. American Journal of Physiology Regulatory Integrative Comparative 
Physiology Vol. 277, No. 6 (December 1999), pp. R1690-R1696. 

Steppan C & Lazar MA. (2002). Resistin and obesity-associated insulin resistance”. Trends in 
Endocrinology and Metabolism Vol. 13, No. 1 (January-February 2002), pp. 18-23. 

Stienstra R, Joosten LA, Koenen T, van Tits B, van Diepen, et al. (2010). The inflammasome-
mediated caspase-1 activation controls adipocyte differentiation and insulin 
Sensitivity. Cell Metabolism Vol. 12, No. 6 (December 2010), pp. 593-605. 

Summermatter S, Marcelino H, Arsenijevic D, Buchala A, Aprikian O, et al. (2009). Adipose 
tissue plasticity during catch-up growth fat driven by thrifty metabolism. Diabetes 
Vol. 58, No. 10 (October 2009), pp. 2228-37. 

Suzuki K, Yamada M, Kurakake S, Okamura N, Yamaya K, et al. (2000). Circulating 
cytokines and hormones with immunosuppressive but neutrophil-priming 
potentials rise after endurance exercise in humans. European Journal of Applied 
Physiology Vol. 81, No. 4 (March 2000), pp. 281-87. 

Tang T & Reed MJ. (2001). Exercise adds to metformin and acarbose efficacy in db/db mice. 
Metabolism Vol. 50, No. 9 (September 2001), pp. 1049-53. 

Tanner CJ, Bakarat H, Dohm L, Pories WJ, MacDonald KG, Cunnigham PR, et al. (2001). 
Muscle fiber type is associated with obesity and weight loss. American Journal of 
Physiology Endocrinology and Metabolism Vol. 282, No. 6 (June 2001), pp.E1191-E1196. 

Taube A, Eckardt K & Eckel J. (2009). Role of lipid-derived mediators in skeletal muscle 
resistance. American Journal of Physiology Endocrinology and Metabolism Vol. 297, No. 
5 (November 2009), pp. E1004-E1012. 

Thompson D, Wolf A. (2001) The medical-care cost burden of obesity. Obesity Reviews Vol.2 
No.3 (August 2001), pp. 189-97. 

Thompson P. (2003).  “Exercise and. physical activity in the prevention and treatment of 
atherosclerotic cardiovascular disease. Arteriosclerosis Thrombosis and Vascular 
Biology Vol.23, No.8 (August 2003), pp.1319-21. 

Thyfault JP. (2008). Setting the stage: possible mechanisms by which acute contraction 
restores insulin sensitivity in muscle. American Journal of Physiology Regulatory 
Integrative and Comparative Physiology Vol. 294, No. 4 (April 2008), pp. R1103-R1110. 

Trayhurn P & Woods IS. (2004). Adipokines: inflammation and the pleiotropic role of white 
adipose tissue. British Journal of Nutrition Vol. 92, No. 3 (September 2004), pp. 347-
55. 

Turcotte L & Fisher J. (2008). Skeletal muscle insulin resistance: roles of fatty acid 
metabolism and exercise. Physical Therapy Vol. 88, No. 11 (November), pp. 1279-96. 

Um SH, D´Alessio D & Thomas G. Nutrition overload, insulin resistance and ribosomal 
protein S6 kinase 1, S6K1. Cell Metabolism Vol. 3, No. 6 (June 2006), pp.393-402. 

Valencia ME, Bennett PH, Ravussin E, Esparza J, Fox C, et al. (1999). The Pima Indians in 
Sonora, Mexico. Nutrition Reviews Vol. 57, No. 5 pt 2 (May 1999), pp. S55-S57. 

 
The Sick Adipocyte Theory: The Forces of Clustering at Glance 

 

27 

Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, et al. (2011). The NLRP3 
inflammasome instigates obesity-induced inflammation and insulin resistance. 
Nature Medicine Vol. 17, No. 2 (February 2011), pp. 179-88. 

Varma V, Yao-Borengasser A, Rasouli N, Nolen GT, Phanavanh B, et al. (2009). Muscle 
inflammatory response and insulin resistance: synergistic interaction between 
macrophages and fatty acid leads to impaired insulin action. American Journal of 
Physiology Endocrinology and Metabolism Vol. 296, No. 6 (June 2009), pp. E1300-
E1310. 

Varma V, Yao-Borenhasser A, Rasouli N, Bodles AM, Phanavahn B, et al. (2007). Human 
visfatin expression: relationship to insulin sensitivity, intramyocellular lipids, and 
inflammation. Journal of Clinical Endocrinology and Metabolism Vol. 92, No. 2 
(February 2007), pp.666-72. 

Vendrell J, Broch M, Vilarrasa N, Molina A, Gómez JM, et al. (2004). Resistin, adiponectin, 
ghrelin, leptin, and proinflammatory cytokines: relationships in obesity. Obesity 
Research Vol. 12, No. 6 (June 2004), pp.962-71. 

Vickers MH, Reddy S, Ikenasio BA, Breier BH. (2001). Dysregulation of the adipoinsular axis 
– a mechanism for the pathogenesis of hyperleptinemia and adipogenic diabetes 
induced by fetal programming. Journal of Endocrinology Vol. 170, No. 2 (August 
2001), pp. 323-332. 

Virkamäki A, Korsheninnikova E, Seppälä-Lindroos A, Vehkavaara S, Goto T, et al. (2001). 
Intramyocellular lipid is associated with resistance to in vivo insulin actions on 
glucose uptake, antilipolysis, and early insulin signaling pathways in human 
skeletal muscle. Diabetes Vol. 50, No. 10 (October 2001), pp.2337-43. 

Wang B, Wood IS & Tryhurn P. (2007). Dysregulation of the expression and secretion of 
inflammation related adipokines by hypoxia in human adipocytes. European Journal 
of Physiology Vol.455, No. 3 (December 2007), pp. 479-92. 

Wang YX, Zhang CL, Yu RT, Cho HK, Nelson MC, et al. (2004). Regulation of muscle fiber 
type and running endurance by PPARδ. PLoS Biology Vol. 2, No. 10 (October 2004), 
pp. 1532-39. 

Weisberg S, Hunter D, Huber R, Lemieux J, Slaymaker S, et al. (2006). CCR2 modulates 
inflammatory and metabolic effects of high-fat deeding. Journal of Clinical 
Investigation Vol. 116, No. 1 (January 2006), pp.115-124. 

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003). Obesity is 
associated with macrophage accumulation in adipose tissue. Journal of Clinical 
Investigation Vol. 112, No. 12 (December 2003), pp. 1796-1808. 

Wendorf M & Goldfine ID. (1991). Archaeology of NIDDM. Excavation of the ‘thrifty’ 
genotype. Diabetes Vol. 40, No. 2 (February 1991), pp. 161-65. 

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa, et al. (2001). Hypoadiponectinemia 
in obesity and type 2 diabetes: close association with insulin resistance and 
hyperinsulinemia. Journal of Clinical Endocrinology and Metabolism Vol. 86, No. 5 
(May 2001), pp. 1930-35. 

Williams PT. (2001). Physical fitness and activity as separate heart disease risk factors: a 
meta-analysis. Medicine and Science in Sports and  Exercise Vol.33, No. 5 (May 2001), 
pp.754-61. 

World Health Organization (September 2006). Obesity and Overweight.  In: WHO, January 
2011, available from 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

28

 http://www.who.int/mediacentre/factsheets/fs311/en/print.html 
Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, et al. (2001). The fat-derived hormone 

adiponectin reverses insulin resistance associated with both lipoatrophy and 
obesity. Nature Medicine Vol. 7, No. 8 (August 2001), pp.941-46. 

Yang WS, Jeng CY, Wu TJ, Tanaka S, Funahashi T, et al. (2002). Synthetic peroxisome 
prolifetator-activated receptor-gamma agonist, rosiglitazone, increases plasma 
levels of adiponectin in type 2 diabetes patients. Diabetes Care Vol. 25, No. 2 
(February 2002), pp. 376-80. 

Ye J, Gao Z, Yin J, He Q. (2007). Hypoxia is a potential risk factor for chronic inflammation 
and adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. 
American Journal of Physiology Endocrinology and Metabolism Vol. 293, No. 4 (October 
2007), pp. E1118-E1128. 

Yin J, Gao Z, He Q, Zhou D, Guo Z, Ye J. (2009). Role of hypoxia in obesity-induced 
disorders of glucose and lipid metabolism in adipose tissue. American Journal of 
Physiology Endocrinology and Metabolism Vol. 296, No. 2 (February 2009), pp. E333-
E342. 

Yoshizaki T, Schenk S, Imamura T, Babendure JL, Sonoda N, et al. (2010). SIRT1 inhibits 
inflammatory pathways in macrophages and modulates insulin sensitivity. 
American Journal of Physiology Endocrinology and Metabolism Vol. 298, No. 3 (March 
2010), pp. E419-E428. 

Zierath J, Ryder J, Doebber T, Woods J, Wu M, et al. (1998). Role of skeletal muscle in 
thiazolidinedione insulin sensitizer (PPARγ agonist) action.  Endocrinology Vol. 139, 
No. 12 (December 1998), pp. 5034-41. 

Zimmet P, Dowse G, Finch C, Serjeantson S, King H. (1990). The epidemiology and natural 
history of NIDDM – lessons from the South Pacific. Diabetes/Metabolism Reviews Vol. 
6, No. 2 (March 1990), pp. 91-124. 

2 

Lipid Droplets and Very Low  
Density Lipoproteins; Their Relation  

to Insulin Resistance  
Sven-Olof Olofsson et al.* 

Department of Molecular and Clinical Medicine and the Wallenberg laboratory 
Sahlgrenska University Hospital/S, University of Gothenburg 

Sweden 

1. Introduction 
1.1 Organization of the lipid droplet 
Lipid droplets are organelles involved in the storage of neutral lipids, such as triglycerides 
or cholesterol esters. These molecules are neither soluble in water nor in the amphipathic 
monolayers that build up intracellular membranes, and are therefore stored in a separate 
hydrophobic “oil phase”, which is the core of the lipid droplet. Since this is a general 
process, the ability to form lipid droplets is preserved throughout evolution and is present 
in most mammalian cells (Martin and Parton, 2006; Murphy and Vance, 1999; Olofsson et al., 
2008; Olofsson et al., 2009).  
The core of the lipid droplets is surrounded by a monolayer of amphipathic lipids, such as 
phospholipids and unesterified cholesterol (Martin and Parton, 2006; Olofsson et al., 2008; 
Olofsson et al., 2009). The monolayer is also associated with a number of different proteins, 
of which the best described and quantitatively most important are the PAT domain proteins 
(Dalen et al., 2007; Londos et al., 1999) (reviewed in (Brasaemle, 2007)), named after the first 
discovered members of the family i.e. perilipin, adipocyte differentiation-related protein 
(ADRP) and tail interacting protein 47 (TIP47). They are characterized by an amino-terminal 
PAT domain with a high degree of homology between the family members. Recent 
additions to the list of known PAT proteins include lipid storage droplet protein 5 (LSDP5; 
also known as OXPAT), myocardial lipid droplet protein (MLDP; also known as PAT-1) 
(Dalen et al., 2007; Wolins et al., 2006) and S3-12 (Dalen et al., 2004; Wolins et al., 2003). 

1.1.1 Perilipin 
Perilipin, which is mainly expressed in adipocytes and steriogenic cells (Londos et al., 1995), 
exists in three isoforms (perilipin A, B and C), which are formed from a single gene through 
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alternative splicing (Lu et al., 2001). Perilipin A is by far the most abundant and well-
investigated isoform (Londos et al., 1999).  
Perilipin has an important dual role in the turnover of triglycerides in lipid droplets It 
protects against triglyceride degradation when expressed in cells that lack natural 
expression of the protein (Brasaemle et al., 2000). Moreover, perilipin A-knockout mice 
show a substantial increase in basal lipolysis and reduction in adipose mass, and are 
resistant to diet-induced obesity (Martinez-Botas et al., 2000; Tansey et al., 2001). Perilipin 
also promotes triglyceride degradation: β-adrenergic stimulation does not promote lipolysis 
in perilipin A-knockout mice, and cells derived from these mice fail to show translocation of 
hormone-sensitive lipase (HSL) to the lipid droplet (Martinez-Botas et al., 2000; Tansey et 
al., 2001) (reviewed in (Londos et al., 2005)). A proposed model, based on these and more 
direct results (Granneman et al., 2007), states that concomitant phosphorylation of perilipin 
and HSL results in translocation of HSL to the lipid droplet where it catalyzes the hydrolysis 
of triglycerides (Granneman et al., 2007).  
Perilipin also has an important role in the activation of adipose triglyceride lipase (ATGL), 
which catalyzes the first step in the degradation of triglycerides. Perilipin A interacts with 
CGI-58, the activator of ATGL (Lass et al., 2006). Phosphorylation of perilipin A promotes its 
dissociation from CGI-58, which will then associate with ATGL on lipid droplets to allow 
lipolysis (Granneman et al., 2007; Miyoshi et al., 2007).  

1.1.2 ADRP 
ADRP seems to play a central role in the assembly of lipid droplets even in perilipin-
expressing cells such as the adipocyte. It is expressed in increasing amounts early in 
adipocyte differentiation, but is replaced by perilipin at later stages (Brasaemle et al., 1997). 
In contrast to perilipin, ADRP is expressed ubiquitously (Brasaemle et al., 1997). The 
expression is highly related to the amount of neutral lipids in the cell (Heid et al., 1998), and 
overexpression of ADRP results in an increased formation of droplets (Imamura et al., 2002; 
Magnusson et al., 2006; Wang et al., 2003). The regulation of ADRP levels in the cell is 
complex. It is regulated at the transcriptional level by peroxisome proliferator-activated 
receptor α (PPARα) (Dalen et al., 2006; Edvardsson et al., 2006; Targett-Adams et al., 2003), 
but also through post-translational degradation by the proteasomal system (Masuda et al., 
2006; Xu et al., 2005), which occurs when there are low levels of lipids in the cell. Thus, 
accumulation of intracellular triglycerides appears to stabilize ADRP and prevents it from 
being sorted to degradation. 

1.1.3 TIP47 
TIP47 was initially described as a ubiquitously expressed cytosolic and endosomal 47 kDa 
protein involved in the intracellular transport of mannose 6-phosphate receptors between 
the trans-Golgi and endosomes (Diaz and Pfeffer, 1998; Krise et al., 2000). TIP47 is believed 
to act as an effector for the Rab9 protein in this process, causing budding of vesicles directed 
to lysosomes (Carroll et al., 2001). TIP47 is also present on lipid droplets (Wolins et al., 2001). 
In contrast to ADRP, which is always associated with droplets and is degraded in the 
absence of neutral lipid, cytosolic TIP47 is shifted to lipid droplets in the presence of 
increased levels of fatty acids (Wolins et al., 2001).  

1.1.4 LSDP5 (OXPAT)  
LSDP5 is mainly expressed in tissues with high rates of β-oxidation, such as muscle, heart, 
liver, and brown adipose tissue (Wolins et al., 2006). Overexpression of LSDP5 in cultured 
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cells results in a substantial increase in the accumulation of triglycerides in response to fatty 
acid treatment (Wolins et al., 2006), which might be explained by a decrease in both basal 
and stimulated lipolysis (Dalen et al., 2007). Thus, LSDP5 seems to protect the triglyceride 
core of lipid droplets from degradation in a similar manner to perilipin. LSDP5 is 
transcriptionally regulated by PPARα in striated muscle and liver, and by PPAR in white 
adipose tissue (Dalen et al., 2007; Wolins et al., 2006; Yamaguchi et al., 2006). 

1.1.5 S3-12 
S3-12 is mainly expressed in white adipose tissue, and it shares only a weak sequence 
homology with the PAT proteins (Wolins et al., 2003). S3-12 expression is transcriptionally 
regulated by PPAR (Dalen et al., 2004). 

1.1.6 Other lipid droplet-associated proteins 
Several other proteins have also been described on lipid droplets (Brasaemle et al., 2004; 
Cermelli et al., 2006; Liu et al., 2004). They are involved in processes such as 
sorting/transport (e.g. RABs, ARFs, SNARE proteins and motor proteins), lipid biosynthesis 
[e.g. acyl-CoA synthetase, diacylglycerol acyltransferase (DGAT), acyl-CoA synthase and 
lanosterol synthetase] and lipid turnover [e.g. ATGL and its co-activator CGI-58, HSL, and 
cytosolic phospholipase A2 (cPLA2)] (reviewed in (Olofsson et al., 2009).  
Caveolin and vimentin have been proposed to be present on lipid droplets (Brasaemle et al., 
2004; Franke et al., 1987; Liu et al., 2004), but their function is not understood. One 
suggestion is that the presence of caveolin reflects an involvement of caveolin-rich plasma 
membranes in the assembly of lipid droplets (Ost et al., 2005). Caveolin has also been linked 
to triglyceride lipolysis in the droplets (reviewed in (Martin and Parton, 2006)). There are 
several other lipid droplet-associated proteins with functions that are yet to be elucidated. 

1.2 Assembly of lipid droplets  
Lipid droplets are formed from microsomal membranes (Brown, 2001). The main driving 
force in the assembly process is the formation of triglycerides (Marchesan et al., 2003; Stone 
et al., 2009) and all stimuli that promote triglyceride biosynthesis will therefore also promote 
the formation of lipid droplets. Other factors important for the assembly process include 
phospholipase D1 (PLD1) (Andersson et al., 2006; Marchesan et al., 2003), which catalyzes 
the formation of phosphatidic acid, a lipid that is essential for lipid droplet assembly 
(Andersson et al., 2006; Marchesan et al., 2003). PLD1 contains a pleckstrin homology (PH) 
domain that is targeted by phosphatidylinositol (4,5) bisphosphate (PI(4,5) P2), which is 
essential for PLD1 activity (McDermott et al., 2004; Powner and Wakelam, 2002). Additional 
targets for PI(4,5)P2 that have been identified as important for lipid droplet formation 
include ARF1 (and proteins involved in the regulation of its activity) (Guo et al., 2008) and 
cPLA2 (Gubern et al., 2008). 
We have shown that lipid droplet formation also requires extracellular regulated kinase 2 
(ERK2), which phosphorylates the motor protein dynein and thereby sorts it to lipid 
droplets (Andersson et al., 2006). The lipid droplets are then able to contact microtubules 
and are thus transported towards the center of the cell (Bostrom et al., 2005). Movement in 
both directions has been demonstrated (Bostrom et al., 2005; Welte et al., 1998). Our results 
clearly show that dynein is essential for lipid droplet fusion (see below), but also indicate 
that dynein is involved in the initial formation of the droplet (Andersson et al., 2006). The 
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cells results in a substantial increase in the accumulation of triglycerides in response to fatty 
acid treatment (Wolins et al., 2006), which might be explained by a decrease in both basal 
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suggestion is that the presence of caveolin reflects an involvement of caveolin-rich plasma 
membranes in the assembly of lipid droplets (Ost et al., 2005). Caveolin has also been linked 
to triglyceride lipolysis in the droplets (reviewed in (Martin and Parton, 2006)). There are 
several other lipid droplet-associated proteins with functions that are yet to be elucidated. 
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that dynein is involved in the initial formation of the droplet (Andersson et al., 2006). The 
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details of this latter process have not been elucidated, but one possibility is that dynein 
provides a “pull force” that is necessary for the budding of droplets from the microsomal 
membrane.  
The mechanism for the creation of cytosolic lipid droplets from the ER is not fully 
elucidated. One mechanism that was proposed several years ago (but without substantial 
experimental evidence) suggests that, upon formation, triglycerides are 'oiled out' between 
the leaflets of the microsomal membranes to form a lens that will become the core of the 
primordial lipid droplet. The rationale behind this model is that whereas the triglyceride 
precursors (diglycerides and acylCoA) are highly soluble in the cytosolic leaflet of the 
microsomal membrane, triglycerides have limited solubility in this leaflet and are therefore 
forced into the hydrophobic part of the membrane (Figure 1) (Brown, 2001; Olofsson et al., 
2008). 
 

 
Fig. 1. Lipid droplets are formed from microsomal membranes. The assembly is driven by 
triglyceride formation from diglycerides, which is catalyzed by DGAT. The assembly 
process also requires PLD1 and the formation of phosphatidic acid and ERK2. ERK2 
phosphorylates dynein, which is then sorted onto droplets allowing them to migrate on 
microtubules.  

 
Lipid Droplets and Very Low Density Lipoproteins; Their Relation to Insulin Resistance 

 

33 

1.3 Growth of lipid droplets  
Newly synthesized lipid droplets are only 0.2 µm in diameter (Brown, 2001). However, 
mature lipid droplets are much larger (1-20 µm in diameter), indicating that they are able to 
grow after their formation. DGAT, which catalyzes the conversion of diglycerides to 
triglycerides, and the ongoing biosynthesis of triglycerides are essential for this process. It 
has been suggested that the surface of lipid droplets contains DGAT2, and thus the droplets 
may acquire triglycerides by direct biosynthesis (Kuerschner et al., 2008). However, because 
DGAT2 is known to span a bilayer twice (Stone et al., 2006), substantial adaptation of the 
enzyme would be required if it were to fit into the monolayer surface of the lipid droplet.  
We demonstrated that lipid droplets can grow by fusion (Figure 2), and that approximately 
15% of all droplets are engaged in the fusion process at a given time (Bostrom et al., 2005). 
The importance of this process, however, cannot be completely understood until we 
establish methods to follow the smallest lipid droplets by time lapse studies. Our very 
preliminary observations indicate that the fusion rate is highest among these primordial 
droplets. An interesting implication of fusion is that it likely involves droplets at all stages, 
and thus the larger droplets could have a relatively rapid connection with the DGAT2-
dependent formation of the primordial lipid droplets in the microsomal membrane 
(Figure 3)  
In addition to its dependence on dynein (Andersson et al., 2006; Bostrom et al., 2005), we 
have shown that lipid droplet fusion also involves the SNARE proteins synaptosomal-
associated protein of 23 kDa (SNAP23), syntaxin-5 and vesicle-associated protein 4 
(VAMP4) (Bostrom et al., 2007) and proteins involved in their regulation, namely the 
ATPase N-ethylmaleimide-sensitive factor (NSF) and α-soluble NSF adaptor protein (α-
SNAP) (Bostrom et al., 2007). Recent results demonstrate that the ARF-like GTPase ARFRP1 
is involved in determining the size of the droplets by sorting SNAP23 to lipid droplets 
(Hommel et al., 2010). 
The role of the SNARE proteins, NSF and α-SNAP in fusion processes has primarily been 
investigated in the fusion between transport vesicles and target membranes. Central to this 
process is the formation of a four-helix bundle between α-helical domains present in the 
SNAREs (SNARE domains), which forces the membranes together promoting their fusion. 
A detailed molecular model of this process has recently been proposed (Giraudo et al., 2009; 
Sudhof and Rothman, 2009). The stable four-helix bundle present after the completed fusion 
is unwound by NSF and α-SNAP (for reviews, see (Hong, 2005; Jahn and Scheller, 2006; 
Malsam et al., 2008; Sudhof and Rothman, 2009)). 
It is important to note that the presence of SNARE proteins on lipid droplets and the 
described fusion process open up the possibility for interactions with other organelles. Thus, 
fusion between a lipid droplet and the outer monolayer of the bilayer around a peroxisome 
may theoretically result in a structure very similar to that suggested to be formed between 
these two organelles (Binns et al., 2006). Further investigation is required to determine 
whether fusion accounts for the relatively tight interaction between lipid droplets and other 
organelles such as mitochondria (Shaw et al., 2008), peroxisomes (Binns et al., 2006) and the 
endoplasmic reticulum (ER) (Ozeki et al., 2005).  

1.4 Lipid droplets and insulin resistance 
Systematic insulin resistance is highly related to ectopic lipid accumulation, i.e. the 
accumulation of triglycerides in non-adipocytes such as liver, skeletal muscle and 
macrophages. Here, we focus on skeletal muscle, which is the tissue with the highest 
insulin-dependent consumption of glucose and thus of major importance in the 
development of insulin resistance.  
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preliminary observations indicate that the fusion rate is highest among these primordial 
droplets. An interesting implication of fusion is that it likely involves droplets at all stages, 
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(Figure 3)  
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have shown that lipid droplet fusion also involves the SNARE proteins synaptosomal-
associated protein of 23 kDa (SNAP23), syntaxin-5 and vesicle-associated protein 4 
(VAMP4) (Bostrom et al., 2007) and proteins involved in their regulation, namely the 
ATPase N-ethylmaleimide-sensitive factor (NSF) and α-soluble NSF adaptor protein (α-
SNAP) (Bostrom et al., 2007). Recent results demonstrate that the ARF-like GTPase ARFRP1 
is involved in determining the size of the droplets by sorting SNAP23 to lipid droplets 
(Hommel et al., 2010). 
The role of the SNARE proteins, NSF and α-SNAP in fusion processes has primarily been 
investigated in the fusion between transport vesicles and target membranes. Central to this 
process is the formation of a four-helix bundle between α-helical domains present in the 
SNAREs (SNARE domains), which forces the membranes together promoting their fusion. 
A detailed molecular model of this process has recently been proposed (Giraudo et al., 2009; 
Sudhof and Rothman, 2009). The stable four-helix bundle present after the completed fusion 
is unwound by NSF and α-SNAP (for reviews, see (Hong, 2005; Jahn and Scheller, 2006; 
Malsam et al., 2008; Sudhof and Rothman, 2009)). 
It is important to note that the presence of SNARE proteins on lipid droplets and the 
described fusion process open up the possibility for interactions with other organelles. Thus, 
fusion between a lipid droplet and the outer monolayer of the bilayer around a peroxisome 
may theoretically result in a structure very similar to that suggested to be formed between 
these two organelles (Binns et al., 2006). Further investigation is required to determine 
whether fusion accounts for the relatively tight interaction between lipid droplets and other 
organelles such as mitochondria (Shaw et al., 2008), peroxisomes (Binns et al., 2006) and the 
endoplasmic reticulum (ER) (Ozeki et al., 2005).  

1.4 Lipid droplets and insulin resistance 
Systematic insulin resistance is highly related to ectopic lipid accumulation, i.e. the 
accumulation of triglycerides in non-adipocytes such as liver, skeletal muscle and 
macrophages. Here, we focus on skeletal muscle, which is the tissue with the highest 
insulin-dependent consumption of glucose and thus of major importance in the 
development of insulin resistance.  
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Fig. 2. The migration of lipid droplets on microtubules is important for the fusion between 
the droplets. This fusion is catalyzed by the SNARE proteins SNAP23, syntaxin-5 and 
VAMP4. (A) A schematic view of the fusion process. (B) A time lapse study of the fusion 
between two droplets. The process was viewed by confocal microscopy and three 
dimensional structures of the droplets were constructed as described in (Andersson et al., 
2006). 
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Figure 3. The fusion process allows small droplets to fuse with larger droplets. The 
primordial droplets formed by triglyceride biosynthesis in the microsomal membrane can 
fuse with larger “old” droplets and thus provide these droplets with newly synthesized 
triglycerides.  
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The strong correlation between lipid droplet accumulation in skeletal muscle and insulin 
resistance was for many years used as evidence that such accumulation causes insulin 
resistance. However, endurance-trained athletes also accumulate triglycerides in their 
skeletal muscle but are extremely insulin sensitive. This “athletes paradox” (Goodpaster et 
al., 2001; van Loon and Goodpaster, 2006) was one of the indications that the accumulation 
of triglycerides per se was not the problem but rather products of triglycerides such as fatty 
acids. Indeed, the accumulation of triglycerides in droplets has been regarded to be the 
result of a surplus of fatty acids in the cell. Moreover, it has been proposed that insulin 
resistance and inflammation are prevented by forcing fatty acids into droplets by increasing 
the levels of DGAT (Koliwad et al., 2010).  
Several products of fatty acids have been linked to the development of insulin resistance, 
including partially oxidized fatty acids (Koves et al., 2008), ceramides (reviewed in 
(Summers, 2006)) and diglycerides (reviewed in (Samuel et al., 2010). The mechanism 
behind the influence of the two first is not known in detail, but diglycerides are known to 
impair insulin signaling through activation of protein kinase C θ (PKCθ).  PKCθ 
phosphorylates insulin receptor substrate I, thus preventing the phosphorylation involved 
in the insulin signal for details, see (Samuel et al., 2010).  
Fatty acids can also directly influence the insulin-dependent recruitment of the glucose 
transporter 4 (GLUT4) to the plasma membrane though their influence on SNAP23 (Bostrom 
et al., 2007). As described above, SNAP23 is a SNARE protein that is involved in lipid 
droplet fusion, but it also plays a central role in insulin-dependent glucose uptake in skeletal 
muscle and adipose tissue. SNAP23 together with syntaxin-4 form a target SNARE complex, 
which interacts with the vesicle SNARE VAMP2 on GLUT4-specific vesicles (GSV) and thus 
allows GSV to fuse with the plasma membrane upon insulin stimulation. GLUT4 is thereby 
directed to the plasma membrane, thus increasing the glucose uptake.  
We demonstrated first in cells that fatty acids displace SNAP23 from the plasma membrane 
(and the fusion of GSV) to the interior of the cell, resulting in insulin resistance (Bostrom et 
al., 2007). We translated these results into humans by studying skeletal muscle biopsies from 
patients with type 2 diabetes and lean and obese controls (Bostrom et al., 2010). In 
agreement with our results in cells, we observed that triglyceride accumulation in human 
skeletal muscle is accompanied by both insulin resistance and redistribution of SNAP23 
from the plasma membrane to the interior of the cell (Bostrom et al., 2010).  

1.5 Lipid droplets in hypoxia/ischemia 
Both human macrophages and heart muscle cells that are exposed to hypoxia accumulate 
lipid droplets. In both cell types, lack of oxygen results in a decrease in the oxidation of fatty 
acids, an increase in glycolysis and lactate production and increased triglyceride 
biosynthesis. Thus, the accumulation of lipid droplets seems to be part of a mechanism that 
adapts the metabolism to minimize oxygen consumption.  
Macrophages are exposed to hypoxia in both atherosclerotic lesions (Bjornheden et al., 1999) 
and adipose tissue (Donath and Shoelson, 2011; Trayhurn et al., 2008; Ye, 2009). Thus, the 
described mechanism may be of importance for creating lipid-loaded macrophages (foam 
cells) in atherosclerotic lesions and in the adipose tissue of obese individuals. It is well known 
that cholesterol from low-density lipoproteins (LDL) contributes to the lipid droplet formation 
in macrophages in the arterial wall. The mechanism involving modified LDL and scavenger 
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receptor(s) has been described in detail elsewhere (see for example (Greaves and Gordon, 
2005). However, it should be noted that macrophages from atherosclerotic lesions contain high 
levels of triglycerides (Mattsson et al., 1993). Adipose tissue hypoxia results in macrophage 
recruitment and has a role in the inflammation seen in the adipose tissue during insulin 
resistance/type 2 diabetes (Donath and Shoelson, 2011; Trayhurn et al., 2008; Ye, 2009).  
We have shown that accumulation of lipid droplets in hypoxic macrophages promotes the 
formation and secretion of eicosanoids and chemokines by recruiting cPLA2 to the lipid 
droplet surface (Bostrom et al submitted). cPLA2 catalyzes the production of arachidonic 
acid, which is the precursor of eicosanoids. Thus, triglyceride accumulation in hypoxic 
macrophages induces inflammation. By contrast, triglyceride accumulation caused by 
increased expression of DGAT1 in macrophages prevents insulin resistance and 
inflammation (Koliwad et al., 2010). This difference suggests that the triglyceride storage 
seen in hypoxia may be accompanied by a surplus of lipotoxic fatty acids, ceramides and 
diglycerides that have not been metabolized. Because DGAT1 promotes the conversion of 
diglycerides to triglycerides, increased levels of DGAT1 will likely promote the conversion 
of lipotoxic lipids to a hydrophobic, inert lipid that is safely stored in lipid droplets.  
We have also shown that the hypoxia/ischemia-induced accumulation of triglyceride-
containing lipid droplets in heart muscle cells is completely dependent on the VLDL 
receptor, which promotes the endocytosis of triglyceride-rich lipoproteins (Perman et al., 
2011). Hypoxia-induced VLDL receptor expression is dependent on hypoxia-inducible 
factor 1α through its interaction with a hypoxia-responsive element in the promoter of the 
VLDL receptor (Perman et al., 2011). We also observed an increased accumulation of lipid 
droplets and a parallel increase in expression of the VLDL receptor in biopsies from 
ischemic left ventricle from human hearts compared with biopsies from non-ischemic left 
ventricles (Perman et al., 2011).  
The VLDL receptor induced accumulation of lipid droplets during hypoxia/ischemia is 
accompanied by increases of both ER stress (which is at least partly caused by increased 
formation of long chain ceramides) and apoptosis in mouse hearts (Perman et al., 2011). 
Importantly, VLDL receptor knockout mice have improved survival in response to an acute 
myocardial infarction than wildtype mice (Perman et al., 2011). Thus, the VLDL receptor 
and the accumulation of lipid droplets seen in hypoxia/ischemia are potential targets for 
treatment against early death following an acute myocardial infarction. 

2. The secretion of triglycerides  
Triglycerides are mostly secreted from the intestine and liver as triglyceride-rich lipoproteins, 
which have an organization that is very similar to the lipid droplets. Thus, they consist of a 
core of the neutral lipids surrounded by a monolayer of phospholipids, cholesterol and 
proteins (known as apolipoproteins). The primary apolipoprotein is apoB, which is required 
for the formation of lipoproteins. It exists in two forms: apoB48 on chylomicrons (the 
lipoproteins formed in the intestine); and apoB100 on very low-density lipoproteins (VLDL; 
the lipoproteins formed in the liver). Here we focus on the formation of VLDL.  
The secretory pathway  
As for other secretory proteins, apoB is synthesized on ribosomes attached to the surface 
of the ER (Figure 4) and the 'nascent' polypeptide is translocated through a channel 
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(reviewed in (Johnson and Haigh, 2000; Johnson and van Waes, 1999)) to the lumen of the 
ER, where it is folded into its correct structure with the help of chaperone proteins. When 
folded correctly, the secretory proteins are sorted into exit sites to leave the ER by 
transport vesicles. Failure to fold results in retention in the ER and retraction through the 
membrane channel followed by sorting to proteasomal degradation (Ellgaard and 
Helenius, 2001; Ellgaard and Helenius, 2003; Ellgaard et al., 1999; Johnson and Haigh, 
2000; Johnson and van Waes, 1999; Kostova and Wolf, 2003; Lippincott-Schwartz et al., 
2000).  
 

 
Fig. 4. The formation of VLDL1 and VLDL2. ApoB is formed on ribosomes attached to the 
ER and translocated to the lumen of the ER. During this translocation, the protein is 
lipidated by the microsomal triglyceride transfer protein (MTP) to form pre-VLDL. If this 
lipidation is inadequate, apoB is sorted back to the cytosol to be degraded by proteasomes. 
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the trans-Golgi to the plasma membrane for secretion (reviewed in (Elsner et al., 2003; 
Kartberg et al., 2005)).  

2.1 The assembly of VLDL 
The assembly of VLDL involves three types of particles: a primordial lipoprotein (pre-
VLDL), a triglyceride-poor form of VLDL (VLDL2) and a triglyceride-rich atherogenic form 
of VLDL (VLDL1) (Stillemark-Billton et al., 2005).  

2.1.1 The primordial lipoprotein 
The assembly process starts when the growing apoB100 is cotranslationally lipidated by 
MTP in the lumen of the ER (Figure 4), resulting in the formation of a dense, partially 
lipidated form of apoB100 that is retained in the cell (Boström et al., 1988; Stillemark-Billton 
et al., 2005). This product, which we refer to as primordial lipoprotein (or pre-VLDL), is a 
precursor to VLDL2 and VLDL1. 
The appearance of the apoB100 primordial lipoprotein is highly dependent on the C-
terminal region of apoB100 (Stillemark-Billton et al., 2005). Moreover, the particle is highly 
associated with chaperone protein such as binding proteins (BiP) and protein disulfide 
isomerase (PDI). A potential explanation is that regions in the C-terminal of apoB100 sense 
the degree of lipidation and anchor the partially lipidated particle to chaperones, which 
retain the particle in the ER. Once the level of lipidation is sufficient to allow apoB100 to fit 
on the particle and the C-terminal to fold correctly, the chaperones dissociate and the 
particle can transfer out of the ER. Thus, the primordial lipoprotein is either retained in the 
cell and degraded (if not sufficiently lipidated) or further lipidated to form VLDL2 (Figure 
4) (Olofsson and Asp, 2005; Olofsson et al., 1999; Olofsson et al., 2000; Stillemark-Billton et 
al., 2005).  

2.1.2 VLDL2 
VLDL2 formation is highly dependent on the length of apoB, and truncated forms of apoB 
result in the formation of denser particles (Stillemark et al., 2000). Indeed, there is an inverse 
relation between the density of the lipoproteins formed and the length of apoB. Bona fide 
VLDL2 is only formed with apoB100. The lipoprotein formed by apoB48 (which is produced 
only in the intestine in humans but in both the intestine and liver in mice) has the same 
density as high-density lipoprotein (HDL) (Stillemark-Billton et al., 2005). However, despite 
having the same density as apoB100 pre-VLDL (which is retained in the cell unless further 
lipidated), the dense lipoprotein formed by apoB48 is secreted and behaves in the same way 
as a VLDL2 particle formed by apoB100. We therefore propose that it is a VLDL2 analog. 
Thus, both bona fide VLDL2 and VLDL2 analogs can be either secreted or further lipidated to 
form VLDL1 (Fig 4). 

2.1.3 VLDL1 
VLDL1 is formed from VLDL2 by a second type of lipidation in which the VLDL2 particle 
receives a bulk load of lipids in the Golgi apparatus (Stillemark-Billton et al., 2005). We 
have detected a precursor-product relationship between VLDL2 and VLDL1 both in cell 
cultures (Stillemark-Billton et al., 2005) and turnover experiments in humans (Adiels et 
al., 2007).  
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(reviewed in (Johnson and Haigh, 2000; Johnson and van Waes, 1999)) to the lumen of the 
ER, where it is folded into its correct structure with the help of chaperone proteins. When 
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transport vesicles. Failure to fold results in retention in the ER and retraction through the 
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Helenius, 2001; Ellgaard and Helenius, 2003; Ellgaard et al., 1999; Johnson and Haigh, 
2000; Johnson and van Waes, 1999; Kostova and Wolf, 2003; Lippincott-Schwartz et al., 
2000).  
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the trans-Golgi to the plasma membrane for secretion (reviewed in (Elsner et al., 2003; 
Kartberg et al., 2005)).  
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The assembly of VLDL involves three types of particles: a primordial lipoprotein (pre-
VLDL), a triglyceride-poor form of VLDL (VLDL2) and a triglyceride-rich atherogenic form 
of VLDL (VLDL1) (Stillemark-Billton et al., 2005).  
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The assembly process starts when the growing apoB100 is cotranslationally lipidated by 
MTP in the lumen of the ER (Figure 4), resulting in the formation of a dense, partially 
lipidated form of apoB100 that is retained in the cell (Boström et al., 1988; Stillemark-Billton 
et al., 2005). This product, which we refer to as primordial lipoprotein (or pre-VLDL), is a 
precursor to VLDL2 and VLDL1. 
The appearance of the apoB100 primordial lipoprotein is highly dependent on the C-
terminal region of apoB100 (Stillemark-Billton et al., 2005). Moreover, the particle is highly 
associated with chaperone protein such as binding proteins (BiP) and protein disulfide 
isomerase (PDI). A potential explanation is that regions in the C-terminal of apoB100 sense 
the degree of lipidation and anchor the partially lipidated particle to chaperones, which 
retain the particle in the ER. Once the level of lipidation is sufficient to allow apoB100 to fit 
on the particle and the C-terminal to fold correctly, the chaperones dissociate and the 
particle can transfer out of the ER. Thus, the primordial lipoprotein is either retained in the 
cell and degraded (if not sufficiently lipidated) or further lipidated to form VLDL2 (Figure 
4) (Olofsson and Asp, 2005; Olofsson et al., 1999; Olofsson et al., 2000; Stillemark-Billton et 
al., 2005).  

2.1.2 VLDL2 
VLDL2 formation is highly dependent on the length of apoB, and truncated forms of apoB 
result in the formation of denser particles (Stillemark et al., 2000). Indeed, there is an inverse 
relation between the density of the lipoproteins formed and the length of apoB. Bona fide 
VLDL2 is only formed with apoB100. The lipoprotein formed by apoB48 (which is produced 
only in the intestine in humans but in both the intestine and liver in mice) has the same 
density as high-density lipoprotein (HDL) (Stillemark-Billton et al., 2005). However, despite 
having the same density as apoB100 pre-VLDL (which is retained in the cell unless further 
lipidated), the dense lipoprotein formed by apoB48 is secreted and behaves in the same way 
as a VLDL2 particle formed by apoB100. We therefore propose that it is a VLDL2 analog. 
Thus, both bona fide VLDL2 and VLDL2 analogs can be either secreted or further lipidated to 
form VLDL1 (Fig 4). 

2.1.3 VLDL1 
VLDL1 is formed from VLDL2 by a second type of lipidation in which the VLDL2 particle 
receives a bulk load of lipids in the Golgi apparatus (Stillemark-Billton et al., 2005). We 
have detected a precursor-product relationship between VLDL2 and VLDL1 both in cell 
cultures (Stillemark-Billton et al., 2005) and turnover experiments in humans (Adiels et 
al., 2007).  
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In contrast to the formation of VLDL2, apoB only needs to have a minimum size of apoB48 
to allow the conversion to VLDL1 (Stillemark-Billton et al., 2005). We have recently 
demonstrated that the sequence close to the C-terminal of apoB48 is essential for the VLDL1 
formation. We have identified a protein (BAP31) that interacts with this sequence and 
promotes the formation of VLDL1 (Beck et al. Manuscript in revision). 
The formation of VLDL1 is dependent on the GTPase ARF1, a protein that is required in the 
anterograde transport from ERGIC to cis-Golgi (Asp et al., 2000). This is consistent with 
results showing that VLDL1 formation occurs in the Golgi apparatus (Stillemark et al., 2000), 
and indicates that the formation of VLDL1 requires a transfer of apoB100 from the ER to the 
Golgi apparatus (Figure 4). Thus, one would expect a time delay of approximately 15 min 
between the biosynthesis of apoB100 and the major addition of lipids to form the VLDL1 
particle. Indeed, in turnover studies in humans, we confirmed the presence of two steps in 
the assembly of VLDL1 with a 15 min difference between the secretion of newly formed 
apoB100 and newly formed triglycerides (Adiels et al., 2005b). 
It has been suggested that the formation of lipid droplets in the lumen of the secretory 
pathway plays a central role in VLDL assembly, i.e. lipid droplets fuse with apoB to form 
VLDL (Alexander et al., 1976). This is an interesting hypothesis that still remains to be 
tested, particularly in terms of elucidating the mechanism by which a luminal lipid droplet 
is formed and how it fuses with VLDL2. The proposed mechanism may link the assembly of 
the core of VLDL1 to the process by which the core of a cytosolic lipid droplet is assembled. 
It has been proposed that the assembly of a droplet starts in the hydrophobic portion of the 
microsomal membrane with the formation of a triglyceride lens, which is then released into 
the cytosol. A triglyceride lens may also bud into the lumen of the secretory pathway, 
thereby giving rise to a luminal droplet that becomes the core of VLDL. This hypothesis 
remains to be tested experimentally (Brown, 2001; Murphy and Vance, 1999; Olofsson et al., 
1987).  
Several authors have demonstrated that fatty acids used for the biosynthesis of VLDL 
triglycerides are derived from triglycerides stored in cytosolic lipid droplets (Gibbons et al., 
2000; Salter et al., 1998; Wiggins and Gibbons, 1992), and that enzymes involved in the 
release of such fatty acids have an influence on the formation of VLDL (Dolinsky et al., 
2004a; Dolinsky et al., 2004b; Gilham et al., 2003; Lehner and Vance, 1999; Trickett et al., 
2001).  

2.2 VLDL assembly in type 2 diabetes 
A major factor in the development of the dyslipoproteinemia seen in type 2 diabetes is the 
increased secretion of VLDL1 (Taskinen, 2003). This secretion has important implications for 
the formation of small dense LDL and the low levels of HDL. Below, we will discuss 
possible mechanisms for the increased secretion of VLDL1 during type 2 diabetes.  
Using stable isotope techniques, we and others (Adiels et al., 2006; Fabbrini et al., 2009; 
Fabbrini et al., 2008)  have repeatedly shown a relationship between liver fat content and 
secretion of VLDL particles. Thus, the major determinant for the secretion of VLDL1 is the 
amount of triglycerides in the liver. An accumulation of ectopic triglycerides in the liver is a 
major event in the development of insulin resistance/type 2 diabetes. Thus, lipids in the 
liver link type 2 diabetes to increased secretion of VLDL1.  
Another factor of importance is insulin. Although insulin inhibits the assembly of VLDL1 in 
individuals with low liver lipid levels, insulin does not have a similar effect in patients with 
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high liver lipid levels (Adiels et al., 2007). These findings are in agreement with lipid 
accumulation in the liver being the most important regulator of VLDL1 assembly.  
Several possibilities to explain why insulin inhibits VLDL1 formation have been 
summarized previously (Taskinen, 2003). One potential reason is that insulin inhibits 
lipolysis in adipose tissue and thereby decreases the inflow of fatty acids to the liver. 
Support for an influence on the lipolysis in the adipose tissue was obtained from studies 
using nicotinic acid analogs (reviewed in (Taskinen, 2003)).  
Insulin is also known to promote the formation of lipid droplets (Andersson et al., 2006). 
Thus, it is possible that insulin diverts triglycerides from the bulk lipidation of VLDL2 to the 
formation of lipid droplets. Indeed, we have observed other situations where promoting the 
formation of lipid droplets inhibits VLDL1 assembly. For example, increased levels of ADRP 
in the cell result in increased storage of neutral lipids in lipid droplets and reduces their 
entry into the assembly pathway (Magnusson et al., 2006). Such a manipulation results in 
decreased VLDL1 production, despite increased levels of triglycerides in the cell. In 
addition, increasing the rate of fusion between droplets results in decreased VLDL secretion 
and an increased number of droplets in the liver cell (Li et al., 2005). 

2.3 ApoB100 degradation 
It has long been known that apoB100 undergoes intracellular degradation (reviewed in 
(Davidson and Shelness, 2000; Olofsson et al., 1999; Shelness and Sellers, 2001)). The 
degradation is dramatically reduced when the supply of fatty acids (and the biosynthesis of 
triglycerides) is increased (Borén et al., 1993; Boström et al., 1986) and it is known that post-
translational degradation is important for the regulation of the secreted apoB. The 
intracellular degradation of apoB100 occurs at three different levels (Fisher and Ginsberg, 
2002; Fisher et al., 2001): (i) close to the biosynthesis of apoB (co- or post-translationally) by a 
mechanism that involves retraction of the apoB molecule from the lumen of the ER to the 
cytosol (through the same channel as it entered during its biosynthesis), ubiquitination and 
subsequent proteasomal degradation (Fisher et al., 2001; Liang et al., 2000; Mitchell et al., 
1998; Pariyarath et al., 2001); (ii) post-translationally by an unknown mechanism that seems 
to occur in a compartment separate from the rough ER, and is referred to as post-ER 
presecretory proteolysis (PERPP) (Fisher et al., 2001); (iii) by reuptake from the unstirred 
water layer around the outside of the plasma membrane (Williams et al., 1990) via the LDL 
receptor. The LDL receptor has been shown to have an important role in regulation of the 
secretion of apoB100-containing lipoproteins (Horton et al., 1999; Twisk et al., 2000). 
Interestingly, the PERPP has been linked to the autophagocytic pathway (Pan et al., 2008). 
Contrary to post-translational degradation which targets proteins, the autophatocytic 
pathway allows the degradation of particles, such as pre-VLDL and VLDL.  
The intracellular degradation of apoB seems to be a consequence of a failure to form the 
correct particle. To avoid degradation, apoB100 needs to form pre-VLDL during translation 
and the pre-VLDL must be converted to VLDL2 (see above: The primordial lipoprotein). 
Both steps are dependent on the amount of lipids that are loaded on to apoB. The formation 
of VLDL1 is not necessary for apoB100 secretion but allows increased secretion of 
triglycerides from the liver.  

2.4 The turnover of VLDL in the circulation 
Lipid changes in metabolic diseases such as insulin resistance, the metabolic syndrome and 
type 2 diabetes, commonly known as diabetic dyslipidemia, consist of elevated triglycerides, 
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In contrast to the formation of VLDL2, apoB only needs to have a minimum size of apoB48 
to allow the conversion to VLDL1 (Stillemark-Billton et al., 2005). We have recently 
demonstrated that the sequence close to the C-terminal of apoB48 is essential for the VLDL1 
formation. We have identified a protein (BAP31) that interacts with this sequence and 
promotes the formation of VLDL1 (Beck et al. Manuscript in revision). 
The formation of VLDL1 is dependent on the GTPase ARF1, a protein that is required in the 
anterograde transport from ERGIC to cis-Golgi (Asp et al., 2000). This is consistent with 
results showing that VLDL1 formation occurs in the Golgi apparatus (Stillemark et al., 2000), 
and indicates that the formation of VLDL1 requires a transfer of apoB100 from the ER to the 
Golgi apparatus (Figure 4). Thus, one would expect a time delay of approximately 15 min 
between the biosynthesis of apoB100 and the major addition of lipids to form the VLDL1 
particle. Indeed, in turnover studies in humans, we confirmed the presence of two steps in 
the assembly of VLDL1 with a 15 min difference between the secretion of newly formed 
apoB100 and newly formed triglycerides (Adiels et al., 2005b). 
It has been suggested that the formation of lipid droplets in the lumen of the secretory 
pathway plays a central role in VLDL assembly, i.e. lipid droplets fuse with apoB to form 
VLDL (Alexander et al., 1976). This is an interesting hypothesis that still remains to be 
tested, particularly in terms of elucidating the mechanism by which a luminal lipid droplet 
is formed and how it fuses with VLDL2. The proposed mechanism may link the assembly of 
the core of VLDL1 to the process by which the core of a cytosolic lipid droplet is assembled. 
It has been proposed that the assembly of a droplet starts in the hydrophobic portion of the 
microsomal membrane with the formation of a triglyceride lens, which is then released into 
the cytosol. A triglyceride lens may also bud into the lumen of the secretory pathway, 
thereby giving rise to a luminal droplet that becomes the core of VLDL. This hypothesis 
remains to be tested experimentally (Brown, 2001; Murphy and Vance, 1999; Olofsson et al., 
1987).  
Several authors have demonstrated that fatty acids used for the biosynthesis of VLDL 
triglycerides are derived from triglycerides stored in cytosolic lipid droplets (Gibbons et al., 
2000; Salter et al., 1998; Wiggins and Gibbons, 1992), and that enzymes involved in the 
release of such fatty acids have an influence on the formation of VLDL (Dolinsky et al., 
2004a; Dolinsky et al., 2004b; Gilham et al., 2003; Lehner and Vance, 1999; Trickett et al., 
2001).  

2.2 VLDL assembly in type 2 diabetes 
A major factor in the development of the dyslipoproteinemia seen in type 2 diabetes is the 
increased secretion of VLDL1 (Taskinen, 2003). This secretion has important implications for 
the formation of small dense LDL and the low levels of HDL. Below, we will discuss 
possible mechanisms for the increased secretion of VLDL1 during type 2 diabetes.  
Using stable isotope techniques, we and others (Adiels et al., 2006; Fabbrini et al., 2009; 
Fabbrini et al., 2008)  have repeatedly shown a relationship between liver fat content and 
secretion of VLDL particles. Thus, the major determinant for the secretion of VLDL1 is the 
amount of triglycerides in the liver. An accumulation of ectopic triglycerides in the liver is a 
major event in the development of insulin resistance/type 2 diabetes. Thus, lipids in the 
liver link type 2 diabetes to increased secretion of VLDL1.  
Another factor of importance is insulin. Although insulin inhibits the assembly of VLDL1 in 
individuals with low liver lipid levels, insulin does not have a similar effect in patients with 

 
Lipid Droplets and Very Low Density Lipoproteins; Their Relation to Insulin Resistance 

 

41 

high liver lipid levels (Adiels et al., 2007). These findings are in agreement with lipid 
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low HDL cholesterol and formation of small dense LDL. The formation of small dense LDL 
may occur without an increase in total LDL cholesterol, but is often connected to an increase 
in total apoB100. 
The secreted apoB100 lipoproteins are hydrolyzed in the circulation. Because protein has a 
higher density than lipids, removal of the core lipids will result in the formation of smaller 
and denser particles. In a sequential order, hydrolysis of VLDL1 will result in first VLDL2, 
then intermediate-density lipoprotein (IDL) and finally LDL. The initial steps are carried out 
by lipoprotein lipase (LPL), which is present at the luminal side of endothelial cells in 
peripheral tissues such as adipose tissue, skeletal muscle and the heart. The liberated fatty 
acids are then taken up by different mechanisms in the target tissue (including the CD36 
receptor-mediated pathway), and are re-esterified for storage or used as energy through 
mitochondrial oxidation. LPL has several modulators in the circulation, such as apoC-II and 
apoC-III, which enhance and inhibit lipolysis, respectively. New evidence also suggests that 
apoA-V, angiopoietin-like proteins 3 and 4, lipase maturation factor 1 and 
glycosylphosphatidylinositol-anchored HDL binding protein 1 (GPIHBP1) may be 
important for LPL function (Dallinga-Thie et al., 2010). The later steps in the removal of 
triglycerides are carried out by hepatic lipase. Of importance for the formation of the end 
product i.e. LDL is also the cholesterol ester transfer protein (CETP) (Chapman et al., 2010). 
IDL and LDL are removed from the circulation by the LDL receptor uptake or heparin 
sulphate proteoglycan mechanisms in the liver. 
The triglyceride content of circulating VLDL1 has been estimated to be ~10500 molecules 
per particle (i.e. per apoB100 molecule), whereas VLDL2, IDL and LDL have ~3500,  ~1200 
and ~180-280 molecules per particle (Kumpula et al., 2008). Thus, although only 10% of the 
total apoB100 are in the VLDL1 and VLDL2 fractions, the majority of triglycerides are in the 
VLDL1 fraction and, to a lesser extent, the VLDL2 fraction (Hiukka et al., 2005). The 
cholesteryl ester content of lipoprotein particles increases with increasing density: VLDL1, 
VLDL2, IDL and LDL have ~500, ~950, ~1400 and ~1000-1500 molecules of cholesterol ester 
per particle (Kumpula et al., 2008). This compositional change reflects the action of 
cholesterol ester transfer protein, which transports cholesterol esters from HDL and LDL to 
VLDL particles in exchange for triglycerides (Chapman et al., 2010). This transport is 
increased when triglyceride levels are increased and thus type 2 diabetic subjects have lower 
relative amount of triglycerides in VLDL1 but higher relative amount of cholesterol esters in 
VLDL1 and VLDL2 compared with control subjects (Hiukka et al., 2005). 

2.5 In vivo studies of VLDL secretion and turnover in humans  
Circulating levels of apoB100, triglycerides and cholesterol are thus dependent on many 
different mechanisms: the rate of secretion of apoB100 and triglycerides as VLDL1 and 
VLDL2 particles, the rate of lipolysis by LPL and hepatic lipases (and the impact of 
regulating molecules on these enzymes) and the rate of removal from the circulation by 
uptake mechanisms. To fully understand the contribution of these mechanisms to the final 
plasma concentration, in particular how these different processes contribute to the 
development of dyslipidemia, it is necessary to quantify these within humans.  
Today, most studies indirectly calculate the rates of these processes using stable isotope 
labeling techniques, either by in vivo labeling of protein content using labeled amino acids as 
precursors or labeling of triglycerides using labeled glycerol as precursor or by ex vivo 
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labeling (Magkos and Sidossis, 2004). The methods differ in the choice of molecules to study 
(i.e. triglcyerides or apoB100) and consequently in the choice of tracer molecules, but also in 
the choice of detail (i.e. VLDL, VLDL1 and VLDL2, or VLDL, IDL and LDL) and in the 
modeling approach.  
Our approach is a combined experiment where the kinetics of both apoB100 and 
triglycerides are determined in VLDL1 and VLDL2 using a combined model (Adiels et al., 
2005b). Briefly, stable isotope labeled leucine and glycerol are simultaneously injected as a 
bolus and blood is drawn repeatedly for 10 hours. Enrichment of leucine is measured free in 
plasma as well as in apoB100 protein from VLDL1 and VLDL2 particles separated by 
ultracentrifugation. Enrichment of glycerol is measured in the triglyceride content of the 
VLDL1 and VLDL2 particles. Enrichment is measured using sensitive gas-
chromatograph/mass-spectrometry equipment. The time series data are used as input in a 
mathematical model in which the different rates of transfer and synthesis can be calculated. 
The kinetics of apoB100 and triglycerides have been well studied in type 2 diabetes. Most 
studies have revealed an increased secretion of VLDL (Cummings et al., 1995; Kissebah et 
al., 1982; Ouguerram et al., 2003; Sorensen et al., 2011)) and VLDL1 (Adiels et al., 2005a; 
Taskinen et al., 1990). Several studies have also shown impaired suppression of VLDL 
secretion by insulin in type 2 diabetes (Adiels et al., 2007; Lewis et al., 1993; Malmstrom et 
al., 1997; Sorensen et al., 2011). Some studies also suggest that diabetic subjects have slower 
clearance of VLDL particles (Duvillard et al., 2000; Kissebah et al., 1982; Taskinen et al., 
1986) but these results are less conclusive, which may reflect the importance of other factors 
such as genetic background and the progress of diabetes. 
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low HDL cholesterol and formation of small dense LDL. The formation of small dense LDL 
may occur without an increase in total LDL cholesterol, but is often connected to an increase 
in total apoB100. 
The secreted apoB100 lipoproteins are hydrolyzed in the circulation. Because protein has a 
higher density than lipids, removal of the core lipids will result in the formation of smaller 
and denser particles. In a sequential order, hydrolysis of VLDL1 will result in first VLDL2, 
then intermediate-density lipoprotein (IDL) and finally LDL. The initial steps are carried out 
by lipoprotein lipase (LPL), which is present at the luminal side of endothelial cells in 
peripheral tissues such as adipose tissue, skeletal muscle and the heart. The liberated fatty 
acids are then taken up by different mechanisms in the target tissue (including the CD36 
receptor-mediated pathway), and are re-esterified for storage or used as energy through 
mitochondrial oxidation. LPL has several modulators in the circulation, such as apoC-II and 
apoC-III, which enhance and inhibit lipolysis, respectively. New evidence also suggests that 
apoA-V, angiopoietin-like proteins 3 and 4, lipase maturation factor 1 and 
glycosylphosphatidylinositol-anchored HDL binding protein 1 (GPIHBP1) may be 
important for LPL function (Dallinga-Thie et al., 2010). The later steps in the removal of 
triglycerides are carried out by hepatic lipase. Of importance for the formation of the end 
product i.e. LDL is also the cholesterol ester transfer protein (CETP) (Chapman et al., 2010). 
IDL and LDL are removed from the circulation by the LDL receptor uptake or heparin 
sulphate proteoglycan mechanisms in the liver. 
The triglyceride content of circulating VLDL1 has been estimated to be ~10500 molecules 
per particle (i.e. per apoB100 molecule), whereas VLDL2, IDL and LDL have ~3500,  ~1200 
and ~180-280 molecules per particle (Kumpula et al., 2008). Thus, although only 10% of the 
total apoB100 are in the VLDL1 and VLDL2 fractions, the majority of triglycerides are in the 
VLDL1 fraction and, to a lesser extent, the VLDL2 fraction (Hiukka et al., 2005). The 
cholesteryl ester content of lipoprotein particles increases with increasing density: VLDL1, 
VLDL2, IDL and LDL have ~500, ~950, ~1400 and ~1000-1500 molecules of cholesterol ester 
per particle (Kumpula et al., 2008). This compositional change reflects the action of 
cholesterol ester transfer protein, which transports cholesterol esters from HDL and LDL to 
VLDL particles in exchange for triglycerides (Chapman et al., 2010). This transport is 
increased when triglyceride levels are increased and thus type 2 diabetic subjects have lower 
relative amount of triglycerides in VLDL1 but higher relative amount of cholesterol esters in 
VLDL1 and VLDL2 compared with control subjects (Hiukka et al., 2005). 

2.5 In vivo studies of VLDL secretion and turnover in humans  
Circulating levels of apoB100, triglycerides and cholesterol are thus dependent on many 
different mechanisms: the rate of secretion of apoB100 and triglycerides as VLDL1 and 
VLDL2 particles, the rate of lipolysis by LPL and hepatic lipases (and the impact of 
regulating molecules on these enzymes) and the rate of removal from the circulation by 
uptake mechanisms. To fully understand the contribution of these mechanisms to the final 
plasma concentration, in particular how these different processes contribute to the 
development of dyslipidemia, it is necessary to quantify these within humans.  
Today, most studies indirectly calculate the rates of these processes using stable isotope 
labeling techniques, either by in vivo labeling of protein content using labeled amino acids as 
precursors or labeling of triglycerides using labeled glycerol as precursor or by ex vivo 
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labeling (Magkos and Sidossis, 2004). The methods differ in the choice of molecules to study 
(i.e. triglcyerides or apoB100) and consequently in the choice of tracer molecules, but also in 
the choice of detail (i.e. VLDL, VLDL1 and VLDL2, or VLDL, IDL and LDL) and in the 
modeling approach.  
Our approach is a combined experiment where the kinetics of both apoB100 and 
triglycerides are determined in VLDL1 and VLDL2 using a combined model (Adiels et al., 
2005b). Briefly, stable isotope labeled leucine and glycerol are simultaneously injected as a 
bolus and blood is drawn repeatedly for 10 hours. Enrichment of leucine is measured free in 
plasma as well as in apoB100 protein from VLDL1 and VLDL2 particles separated by 
ultracentrifugation. Enrichment of glycerol is measured in the triglyceride content of the 
VLDL1 and VLDL2 particles. Enrichment is measured using sensitive gas-
chromatograph/mass-spectrometry equipment. The time series data are used as input in a 
mathematical model in which the different rates of transfer and synthesis can be calculated. 
The kinetics of apoB100 and triglycerides have been well studied in type 2 diabetes. Most 
studies have revealed an increased secretion of VLDL (Cummings et al., 1995; Kissebah et 
al., 1982; Ouguerram et al., 2003; Sorensen et al., 2011)) and VLDL1 (Adiels et al., 2005a; 
Taskinen et al., 1990). Several studies have also shown impaired suppression of VLDL 
secretion by insulin in type 2 diabetes (Adiels et al., 2007; Lewis et al., 1993; Malmstrom et 
al., 1997; Sorensen et al., 2011). Some studies also suggest that diabetic subjects have slower 
clearance of VLDL particles (Duvillard et al., 2000; Kissebah et al., 1982; Taskinen et al., 
1986) but these results are less conclusive, which may reflect the importance of other factors 
such as genetic background and the progress of diabetes. 
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1. Introduction 
In United States, the prevalence of obesity has increased from 11.9% to 33.4% in men and 
from 16.6% to 36.5% in women from 1971 to 2006 (Austin, Spadano-Gasbarro et al. 2011). In 
general, obesity is caused by energy imbalance where energy intake exceeds energy 
expenditure for an extended period of time. The excess energy is stored in adipose tissue 
and results in enlarged fat cells and/or increased number of fat cells. Obesity is of great 
concern because a subset of the population has co-morbidities that develop as a consequence 
of obesity. Previous studies have shown that obesity is one of the risk factors linked to 
metabolic syndrome (Bray 2004). The World Health Organization (WHO) defines metabolic 
syndrome as a cluster of disorders that require the presence of diabetes, impaired glucose 
tolerance (IGT), impaired fasting glucose or insulin resistance and any two of the following 
abnormalities: central obesity, dyslipidemia (high triglycerides or low high-density 
lipoprotein (HDL) cholesterol concentration), elevated blood pressure, or micro albuminuria 
(Alberti and Zimmet 1998).  
Type 2 diabetes mellitus (T2DM) is well known to be a metabolic disease that is 
characterized by insulin resistance and impaired insulin secretion. Insulin resistance is a 
condition in which the peripheral tissues, such as muscle and adipose tissue, lose the ability 
to uptake plasma glucose efficiently at physiological concentrations of insulin. As a result, 
the pancreas secretes more insulin to compensate. Therefore, insulin resistance leads to high 
plasma concentrations of insulin and glucose, and results in T2DM. Moreover, 
hyperglycemia causes cardiovascular diseases and disease-specific complications such as 
blindness and kidney failure (Zimmet, Alberti et al. 2001). The increased prevalence of 
T2DM is strongly associated with obesity (Mokdad, Ford et al. 2003) and is becoming an 
increasing problem worldwide (King, Abdullaev et al. 1998; Cowie, Rust et al. 2006; Yoon, 
Lee et al. 2006). In just the United States, 23.6 million people over the age of 20 have 
diabetes, of which 90% to 95% have T2DM (Cowie, Rust et al. 2006). An overwhelming 
25.9% of the US population over 20 years old has early stages of disease by exhibiting 
impaired fasting glucose levels (Cowie, Rust et al. 2006). Additionally, The International 
Diabetes Federation predicted that 333 million people will have diabetes by 2025 (King 1998; 
King, Abdullaev et al. 1998; King, Aubert et al. 1998). Therefore, it is very important to 
determine the causes of this disease and develop strategies for its prevention. 
The correlation between obesity and the prevalence of T2DM has been well established, but 
how does T2DM develop? In 1963, Randle et al proposed that lipids impaired insulin-
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hyperglycemia causes cardiovascular diseases and disease-specific complications such as 
blindness and kidney failure (Zimmet, Alberti et al. 2001). The increased prevalence of 
T2DM is strongly associated with obesity (Mokdad, Ford et al. 2003) and is becoming an 
increasing problem worldwide (King, Abdullaev et al. 1998; Cowie, Rust et al. 2006; Yoon, 
Lee et al. 2006). In just the United States, 23.6 million people over the age of 20 have 
diabetes, of which 90% to 95% have T2DM (Cowie, Rust et al. 2006). An overwhelming 
25.9% of the US population over 20 years old has early stages of disease by exhibiting 
impaired fasting glucose levels (Cowie, Rust et al. 2006). Additionally, The International 
Diabetes Federation predicted that 333 million people will have diabetes by 2025 (King 1998; 
King, Abdullaev et al. 1998; King, Aubert et al. 1998). Therefore, it is very important to 
determine the causes of this disease and develop strategies for its prevention. 
The correlation between obesity and the prevalence of T2DM has been well established, but 
how does T2DM develop? In 1963, Randle et al proposed that lipids impaired insulin-
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stimulated glucose uptake in muscle and was caused by inhibition of glycolysis (Randle 
1963). Excess circulating free fatty acids (FFA) in obesity is one of the main factors that 
contribute to development of T2DM (Randle 1963; Randle 1998). Because FFA are elevated 
in the blood of obese individuals, the muscle has access to more FFA compared to lean 
individuals and thus obese individuals have increased fatty acid oxidation in their muscles 
(Boden 1997). This in turn, results in an increased generation of metabolites from FFA β-
oxidation such as, nicotinamide adenine dinucleotide (NADH), acetyl-CoA and adenosine 
triphosphate (ATP). These metabolites inhibit key regulatory enzymes in the glycolytic 
pathway such as pyruvate dehydrogenase complex (PDC). The increased concentration of 
ATP also inhibits phosphofructokinase (PFK-1) and pyruvate kinase muscle isoform (PK-
M), thus blocking the rate controlling steps in muscle glycolysis and subsequently leads to 
an accumulation of glucose-6-phosphate (G6P). Increased concentration of G6P inhibit 
hexokinase and therefore decreases the rate of glucose phosphorylation by muscle which 
increases the blood glucose concentration (Randle 1963). Randle et al also found that FFA 
oxidation blocks the recycling of the glucose transporter 4 (GLUT4) to the surface of muscle 
cells, thus decreasing glucose uptake and contributes to the increased blood glucose levels 
(Randle 1963). In summary, the elevated FFA have been demonstrated to lead to insulin 
resistance in peripheral tissues by inhibiting insulin-stimulated glucose uptake in the muscle 
causing elevated blood glucose (Boden 1997). 

2. Triglyceride/fatty acid cycle and glyceroneogenesis 
What regulates the flux of FFA between tissues? The triglyceride/fatty acid cycle regulates 
this flux. In the fed state glucose is metabolized to glycerol-3-phosphate via glycolysis and 
esterifies with three FFA to generate triglycerides (Figure 1). This occurs in both the liver 
and white adipose tissues (WAT). FFA are derived both from either the diet or de novo 
lipogenesis in the liver. FFA generate energy via β-oxidation as described above in various 
tissues (muscle, heart) or can be stored as triglycerides in adipose tissue for energy 
production at a later time. 
During fasting however as much as 65% of FFA are re-esterified back to triglycerides in 
WAT (Jensen, Chandramouli et al. 2001). Since glucose is at a premium during fasting, the 
synthesis of glycerol-3-phosphate from glucose is minimal. Additionally, in WAT the 
glycerol released during lipolysis cannot be phosphorylated and used for triglyceride 
synthesis because the activity of glycerol kinase in this tissue is negligible. Reshef, Ballard 
and Hanson demonstrated that gluconeogenic precursors such as pyruvate and lactate are 
converted into glycerol backbone of triglyceride (Reshef, Hanson et al. 1970; Reshef, 
Meyuhas et al. 1972). This pathway called “glyceroneogenesis” is an abbreviated version of 
gluconeogenesis. Glyceroneogenesis is defined as the conversion of precursors other than 
glucose or glycerol into glycerol 3-phosphate for triglyceride synthesis. The pathway is 
essential for the regulation of the FFA flux between tissues during fasting (Botion, Kettelhut 
et al. 1995; Botion, Brito et al. 1998; Festuccia, Kawashita et al. 2003).  
Glyceroneogenesis, like gluconeogenesis, is regulated by phosphoenolpyruvate 
carboxykinase (PEPCK-C/Pck1), a key enzyme which catalyzes the conversion of 
oxaloacetate (OAA) to phosphoenolpyruvate (PEP) in both pathways. During fasting, 
increasing hepatic Pck1 expression enhances the rates of gluconeogenesis to maintain 
glucose homeostasis as well as glyceroneogenesis, thus increasing hepatic glucose output 
and triglycerides synthesis by re-esterification of circulating FFA (Fig. 1). In adipose tissue, 
glyceroneogenesis controlled by Pck1 contributes to the regulation of FFA release to the 
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blood. Support for Pck1 regulation of glyceroneogenesis contributing to the development of 
disease was shown by Franckhauser et al. They over-expressed of Pck1 in WAT through a 
transgene specific for adipose tissue and found increased FFA re-esterification in adipose 
tissue led to obesity without insulin resistance (Franckhauser, Antras-Ferry et al. 1995; 
Franckhauser, Munoz et al. 2002). The increased glyceroneogenesis reduced the availability 
of FFA to the muscle and thus prevented impaired glucose tolerance. Therefore the 
regulation of triglyceride/FFA cycle is important in the development of obesity and T2DM. 
Figure 1. Triglyceride/FFA cycle regulates the flux of lipids between tissues. 
 

 
Fig. 1. Triglyceride-fatty acid cycle. During fasting triglycerides are hydrolyzed to glycerol 
and FFA. However as much as 65% of FFA are re-esterfied back to triglycerides. Pck1 
regulates this process in both adipose tissue and liver.  

In order to investigate the disturbance of triglyceride/fatty acid cycle in development of 
obesity and T2DM, various genetic alterations of the Pck1 gene have been conducted. Mice 
with a whole body null mutation of Pck1 do not survive beyond 3 days after birth (She, 
Shiota et al. 2000). Therefore, the PPARE-/- mice were generated to circumvent this problem. 
The binding site for the peroxisome proliferator-activated receptor γ (PPARγ), called the 
peroxisome proliferator-activated receptor element (PPARE), at -1000 bp of the Pck1 
promoter is essential for adipose tissue expression (Devine, Eubank et al. 1999). The deletion 
of PPARE region in Pck1 promoter in mice (PPARE-/-) led to dramatic loss of Pck1 
expression in WAT and mammary gland, and slight reduction in BAT (Hsieh, Millward et 
al. 2009). Loss of Pck1 expression in the adipose tissue resulted in reduced adipocyte size 
and fat content (Olswang, Cohen et al. 2002) due to impaired glyceroneogenesis in adipose 
tissue. Further research found PPARE-/- mice displayed insulin resistance and altered lipid 
and glucose homeostasis (Millward, DeSantis et al. 2010). Thus the alteration of the 
triglyceride/FFA cycle can lead to development of impaired glucose tolerance. 
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blood. Support for Pck1 regulation of glyceroneogenesis contributing to the development of 
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transgene specific for adipose tissue and found increased FFA re-esterification in adipose 
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obesity and T2DM, various genetic alterations of the Pck1 gene have been conducted. Mice 
with a whole body null mutation of Pck1 do not survive beyond 3 days after birth (She, 
Shiota et al. 2000). Therefore, the PPARE-/- mice were generated to circumvent this problem. 
The binding site for the peroxisome proliferator-activated receptor γ (PPARγ), called the 
peroxisome proliferator-activated receptor element (PPARE), at -1000 bp of the Pck1 
promoter is essential for adipose tissue expression (Devine, Eubank et al. 1999). The deletion 
of PPARE region in Pck1 promoter in mice (PPARE-/-) led to dramatic loss of Pck1 
expression in WAT and mammary gland, and slight reduction in BAT (Hsieh, Millward et 
al. 2009). Loss of Pck1 expression in the adipose tissue resulted in reduced adipocyte size 
and fat content (Olswang, Cohen et al. 2002) due to impaired glyceroneogenesis in adipose 
tissue. Further research found PPARE-/- mice displayed insulin resistance and altered lipid 
and glucose homeostasis (Millward, DeSantis et al. 2010). Thus the alteration of the 
triglyceride/FFA cycle can lead to development of impaired glucose tolerance. 
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Further evidence for the role of Pck1 in the regulation of the triglyceride/FFA cycle has been 
shown in genomic analysis in humans. Beale et al have established that two C/T single 
nucleotide polymorphisms (SNPs) were in complete linkage disequilibrium at position –
1097bp and –967bp of the Pck1 promoter and these SNPs are associated with obesity and 
T2DM. Patients with T/T polymorphisms have higher HbA1c and higher fasting glucose 
levels (Beale, Harvey et al. 2007). The region of the identified polymorphisms in these 
patients is located within the same PPARE site of Pck1 promoter that has been deleted in 
PPARE-/- mice (Millward, Desantis et al. 2010). These mice lack Pck1 expression in WAT and 
develop insulin resistance with elevated plasma FFA (Millward, DeSantis et al 2010). 
In mice that had altered triglyceride/FFA cycle via loss of Pck1 in mammary gland and 
WAT, the dams’ had 40% reduction of milk triglycerides during lactation. The pups reared 
by these dams had reduced growth in the perinatal period and developed insulin resistance 
that persisted into adulthood (Hsieh, Millward et al. 2009). Thus understanding the 
regulation of lipid metabolism during pregnancy and lactation may provide new insights 
into the mechanism(s) for development of T2DM. 

3. The thrifty hypothesis 

How does the alteration of perinatal nutrition program the fetus for T2DM? One theory for the 
interaction of environment in development of disease is “the thrifty phenotype hypothesis”. 
The thrifty phenotype hypothesis suggested that the metabolic adaption during early life 
altered “thrifty genes” expression to help people survive when food sources were limited; 
however, those genes predispose us to diabetes and became detrimental in our modern 
lifestyle with an abundance of food (Neel 1962). The theory associates poor fetal growth with 
increased risk for a number of chronic conditions, including diabetes, hypertension, 
dyslipidemia, coronary artery disease and stroke, in adulthood (Barker 2004; Fernandez-
Twinn and Ozanne 2006). Suboptimal nutrition during pregnancy is one of the significant 
problems that causes infants to suffer from intrauterine growth retardation (IUGR) (Marsal 
2002). IUGR has been strongly associated with the development of metabolic disorders, 
hormone imbalance, organ dysfunction and abnormal development, as well as cardiovascular 
disorders (Wu, Bazer et al. 2004). Malnutrition and overnutrition during pregnancy as well as 
alterations in placental function all contribute the development of IUGR and further 
“program” the fetus to development of a variety of chronic diseases (Wu, Bazer et al. 2004). 
The “programming” hypothesis suggests that maternal malnutrition can induce permanent 
changes in the fetal genome through DNA methylation, histone acetylation, or other 
modifications on transcriptional or translational levels (Meaney and Szyf 2005) and contribute 
to development of metabolic diseases in the future. Therefore, low birth weight (LBW) is 
regarded as an independent risk factor for development of T2DM and other adult-onset 
diseases in adulthood (Hernandez-Valencia and Patti 2006). 

4. Animal models for studying programming of the metabolic syndrome 
during pregnancy/lactation 
Several nutritional models have been used to illustrate the mechanism that would explain 
fetal origins for adult diseases. We summarized some of these models for studying 
programming of the newborns (Table 1). To investigate the impact of maternal overnutrtion 
on the fetus, several studies have used the high-fat diet during pregnancy /lactation. They 
have shown that exposure to the high fat diet during pregnancy results in altered 
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metabolism in the newborn can also lead to the development of metabolic diseases, 
including insulin resistance and dysfunction of pancreatic β-cells, in the offspring (Elton, 
Pennington et al. 2002; Buckley, Keseru et al. 2005; Taylor, McConnell et al. 2005). Thus, 
maternal nutrition directly impacts the developing β-islet cells and can program the fetus 
for insulin resistance as adults. 
 

 
Table 1. Imprinting the fetus for T2DM 

To investigate the impact of undernutrition on programming the fetus for adult diseases, 
two different dietary strategies are commonly used, global nutritional restriction and 
isocaloric low protein manipulation. In rodents, total maternal restriction of 50% of caloric 
needs in the last week of pregnancy results in impairment of β-cell development (Garofano, 
Czernichow et al. 1997). If calorie restriction continues during suckling, permanent 
reduction in β-cell mass and β-cell number occurs resulting in impaired glucose tolerance 
(Garofano, Czernichow et al. 1998). If rodent dams are more severely restricted to 30% of 
total caloric intake, the fetus develops systolic hypertension, increased fasting insulin 
concentrations, increased food intake and obesity (Vickers, Breier et al. 2000). Limiting a 
single macronutrient in the dams also imprints the fetus. When maternal protein intake 
during pregnancy is reduced to 8%, the offspring have low birth weight (LBW), reduced β-
cell islet size (Snoeck, Remacle et al. 1990) and reduced β- islets insulin content and secretion 
(Dahri, Snoeck et al. 1991). Peripheral tissues are also affected in the pups from dams fed 
low protein diet. When the pups were adults (15 months old), insulin stimulated glucose 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

56

Further evidence for the role of Pck1 in the regulation of the triglyceride/FFA cycle has been 
shown in genomic analysis in humans. Beale et al have established that two C/T single 
nucleotide polymorphisms (SNPs) were in complete linkage disequilibrium at position –
1097bp and –967bp of the Pck1 promoter and these SNPs are associated with obesity and 
T2DM. Patients with T/T polymorphisms have higher HbA1c and higher fasting glucose 
levels (Beale, Harvey et al. 2007). The region of the identified polymorphisms in these 
patients is located within the same PPARE site of Pck1 promoter that has been deleted in 
PPARE-/- mice (Millward, Desantis et al. 2010). These mice lack Pck1 expression in WAT and 
develop insulin resistance with elevated plasma FFA (Millward, DeSantis et al 2010). 
In mice that had altered triglyceride/FFA cycle via loss of Pck1 in mammary gland and 
WAT, the dams’ had 40% reduction of milk triglycerides during lactation. The pups reared 
by these dams had reduced growth in the perinatal period and developed insulin resistance 
that persisted into adulthood (Hsieh, Millward et al. 2009). Thus understanding the 
regulation of lipid metabolism during pregnancy and lactation may provide new insights 
into the mechanism(s) for development of T2DM. 

3. The thrifty hypothesis 

How does the alteration of perinatal nutrition program the fetus for T2DM? One theory for the 
interaction of environment in development of disease is “the thrifty phenotype hypothesis”. 
The thrifty phenotype hypothesis suggested that the metabolic adaption during early life 
altered “thrifty genes” expression to help people survive when food sources were limited; 
however, those genes predispose us to diabetes and became detrimental in our modern 
lifestyle with an abundance of food (Neel 1962). The theory associates poor fetal growth with 
increased risk for a number of chronic conditions, including diabetes, hypertension, 
dyslipidemia, coronary artery disease and stroke, in adulthood (Barker 2004; Fernandez-
Twinn and Ozanne 2006). Suboptimal nutrition during pregnancy is one of the significant 
problems that causes infants to suffer from intrauterine growth retardation (IUGR) (Marsal 
2002). IUGR has been strongly associated with the development of metabolic disorders, 
hormone imbalance, organ dysfunction and abnormal development, as well as cardiovascular 
disorders (Wu, Bazer et al. 2004). Malnutrition and overnutrition during pregnancy as well as 
alterations in placental function all contribute the development of IUGR and further 
“program” the fetus to development of a variety of chronic diseases (Wu, Bazer et al. 2004). 
The “programming” hypothesis suggests that maternal malnutrition can induce permanent 
changes in the fetal genome through DNA methylation, histone acetylation, or other 
modifications on transcriptional or translational levels (Meaney and Szyf 2005) and contribute 
to development of metabolic diseases in the future. Therefore, low birth weight (LBW) is 
regarded as an independent risk factor for development of T2DM and other adult-onset 
diseases in adulthood (Hernandez-Valencia and Patti 2006). 

4. Animal models for studying programming of the metabolic syndrome 
during pregnancy/lactation 
Several nutritional models have been used to illustrate the mechanism that would explain 
fetal origins for adult diseases. We summarized some of these models for studying 
programming of the newborns (Table 1). To investigate the impact of maternal overnutrtion 
on the fetus, several studies have used the high-fat diet during pregnancy /lactation. They 
have shown that exposure to the high fat diet during pregnancy results in altered 

 
Role of Triglyceride/Fatty Acid Cycle in Development of Type 2 Diabetes 

 

57 

metabolism in the newborn can also lead to the development of metabolic diseases, 
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uptake in skeletal and adipose tissues is reduced (Ozanne, Dorling et al. 2001; Ozanne, 
Olsen et al. 2003). Small birth weight can also be due to impaired nutrient perfusion through 
the placenta (Haggarty, Allstaff et al. 2002). To mimic placental insufficiency in rodents, 
unilateral and bilateral uterine artery ligations have been used. These studies established 
that the fetus develop reduced β-cell mass which persists into adulthood (Wigglesworth 
1974; De Prins and Van Assche 1982).  

5. Alterations in fetal nutrition 
LBW in newborns is a reduction in both lean body mass and fat mass. After birth, these 
infants have accelerated postnatal growth or catch-up growth (CUG) (Eriksson, Forsen et al. 
1999; Bhargava, Sachdev et al. 2004). Several studies have suggested that the fat mass 
accrues preferentially during CUG and the fat accumulation during childhood is a 
significant risk factor for T2DM as adults (Crescenzo, Samec et al. 2003; Rasmussen, Malis et 
al. 2005; Ibanez, Ong et al. 2006; Leunissen, Oosterbeek et al. 2008). Several strategies have 
been employed to test the consequences of overnutrition on programming the fetus for adult 
disease. These include reduction of litter size during lactation, high fat diet during 
pregnancy. Reduction of litter size from 14 to 4 rat pups per litter results in 
hyperinsulinemia, increased body growth and obesity as adults (Plagemann, Heidrich et al. 
1992). Rats fed a high fat diet (20% kcal fat) during pregnancy and lactation had significantly 
higher milk lipid, protein and lactose concentration compared to the low fat diet group 
(5%kcal fat). The weights of the pups from the high fat mothers is similar at birth but 
increases after 6 days and persists into adulthood (Del Prado, Delgado et al. 1997).  
During the suckling period, milk lipids provide the major source of both calories and 
essential fatty acids for the rodent newborn. The neonate uses fatty acids and ketone bodies 
as their primary energy substrate during lactation and must switch to carbohydrate after 
weaning (Grigor, Allan et al. 1986; Rolls, Gurr et al. 1986; Del Prado, Delgado et al. 1997; Del 
Prado, Villalpando et al. 1999). ). Patel et al have extensively studied the patterning effect of 
overnutrtion in the perinatal period by high-carbohydrate feeding during the suckling 
period (Aalinkeel, Srinivasan et al. 1999; Aalinkeel, Srinivasan et al. 2001; Patel and 
Srinivasan 2002). They used an artificial rearing technique where newborn rats were raised 
in styrofoam cups floating in a temperature-controlled water bath called “pup-in-a-cup”. At 
day 4 postpartum, the rats were fed through intragastric cannulas a high carbohydrate 
formula where 56% of the total calories is carbohydrate compared to 8% normally found in 
rodent milk. The pups develop hyperinsulinemia within 24 hours which persists into 
adulthood. Patel et al have investigated both cellular and molecular adaptations in response 
to the patterning of high carbohydrate diet and insulin secretion. The pancreas has profound 
changes. The pancreas from the high carbohydrate fed animals has increased number of 
smaller sized β-islets with an increase of immunopositive staining area for insulin. The islets 
also has reduced apoptosis (Petrik, Srinivasan et al. 2001). The molecular changes include 
increases in expression of transcription factors regulating the expression of the 
preproinsulin mRNA.  
Undernutrition during lactation can also impact the fetus. A study using female rats showed 
that exposure to dietary conjugated linoleic acids resulted in decreased triglyceride 
concentration in the milk via reduced de novo fatty acid synthesis in the mammary gland 
and an impaired uptake of fatty acids from lipoprotein into mammary gland (Ringseis, Saal 
et al. 2004). The lower triglyceride concentration of milk led to impaired fetal growth and 
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increased mortality of the suckling pups. As we discussed earlier, alterations in the 
triglyceride/FFA cycle also reduce triglyceride concentration of milk and lead to 
programming the fetus to develop insulin resistance (Hsieh, Millward et al 2009). Thus 
understanding the regulation of lipid metabolism during pregnancy and lactation may 
provide new insights into the mechanism(s) for development of insulin resistance.  

6. Transgenerational programming of fetus 
The data described above suggests epigenetic patterning of the fetus for disease due to 
either genetic or environmental conditions. However there is little evidence for 
transgenerational effects of the environment in mammals. Most examples of 
transgenerational environmental effects described in the literature are maternal effects. In 
Table 2 we have summarized these studies. Aalinkeel et al analyzed pups that were fed a 
high carbohydrate diet instead of the normal high lipid diet during the first three weeks of 
life. These pups develop insulin resistance and become obese (Aalinkeel, Srinivasan et al 
1999). The F1 generation from these mice also develop obesity and insulin resistance even 
though the F1 generation had no dietary alterations (Aalinkeel, Srinivasan et al 2001; Patel, 
Srinivasan 2002). In another study C57BL/6J dams (F0) were fed high fat diet during 
pregnancy. The pups develop obesity and metabolic syndrome that is transmitted through 
to the F3 generation (Dunn, Bail et al 2011). Another study showed that caloric restriction of 
the dam during pregnancy (F0) results in reduced birth weight, impaired glucose tolerance 
and obesity (Jimenez-Chillaron, Isganaitis et al 2009). The environmental imprinting caused 
by F0 dam also imprints not only the F1 generation but also the F2 generation (Jimenez-
Chillaron, Isganaitis et al 2009). Thus, the original environmental insult to the grandmother 
or mother imprints not only the fetus but future generations as well.  
Recent evidence indicates that it is not just the mother that can imprint the fetus for 
development of disease. Several studies showed that environmental insults to the 
grandfather or father imprint the fetus for several generations as well (Table 2). In congenic 
strains derived from an obesity susceptible strain, C57BL/6J and a resistant strain, A/J, 
identified a region that protects the fetus from diet-induced obesity on high fat diet. This 
small region of the A/J chromosome, Obrq2aA/J, in an otherwise C57BL/6J background 
shows that the paternal or grandpaternal allele is sufficient to inhibit diet-induced obesity 
and reduce food intake in the normally obesity-susceptible C57BL/6J strain (Yazbek, Spiezio 
et al 2010). In another study when the male C57BL/6J mouse (M) was fed a low-protein diet 
and then mated to C57BL/6J female mouse (F), the progeny has increased hepatic gene 
expression for genes in the lipogenic pathway (Carone, Fauquier et al 2010). Finally, when 
obese male Sprague-Dawley rats were mated to females fed a low-fat diet the F1 generation 
developed altered β-cell function (Ng, Lin et al 2010). Therefore, environmental insults to 
the grandfather and father can also imprint the fetus for development of obesity and insulin 
resistance.  

7. Conclusion 
The development of obesity and insulin resistance is a complex disease since it is 
mutlifactorial and both genetics as well as the environment contribute to the development of 
T2DM. Environmental stresses to either parent can result in imprinting of the fetus for 
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infants have accelerated postnatal growth or catch-up growth (CUG) (Eriksson, Forsen et al. 
1999; Bhargava, Sachdev et al. 2004). Several studies have suggested that the fat mass 
accrues preferentially during CUG and the fat accumulation during childhood is a 
significant risk factor for T2DM as adults (Crescenzo, Samec et al. 2003; Rasmussen, Malis et 
al. 2005; Ibanez, Ong et al. 2006; Leunissen, Oosterbeek et al. 2008). Several strategies have 
been employed to test the consequences of overnutrition on programming the fetus for adult 
disease. These include reduction of litter size during lactation, high fat diet during 
pregnancy. Reduction of litter size from 14 to 4 rat pups per litter results in 
hyperinsulinemia, increased body growth and obesity as adults (Plagemann, Heidrich et al. 
1992). Rats fed a high fat diet (20% kcal fat) during pregnancy and lactation had significantly 
higher milk lipid, protein and lactose concentration compared to the low fat diet group 
(5%kcal fat). The weights of the pups from the high fat mothers is similar at birth but 
increases after 6 days and persists into adulthood (Del Prado, Delgado et al. 1997).  
During the suckling period, milk lipids provide the major source of both calories and 
essential fatty acids for the rodent newborn. The neonate uses fatty acids and ketone bodies 
as their primary energy substrate during lactation and must switch to carbohydrate after 
weaning (Grigor, Allan et al. 1986; Rolls, Gurr et al. 1986; Del Prado, Delgado et al. 1997; Del 
Prado, Villalpando et al. 1999). ). Patel et al have extensively studied the patterning effect of 
overnutrtion in the perinatal period by high-carbohydrate feeding during the suckling 
period (Aalinkeel, Srinivasan et al. 1999; Aalinkeel, Srinivasan et al. 2001; Patel and 
Srinivasan 2002). They used an artificial rearing technique where newborn rats were raised 
in styrofoam cups floating in a temperature-controlled water bath called “pup-in-a-cup”. At 
day 4 postpartum, the rats were fed through intragastric cannulas a high carbohydrate 
formula where 56% of the total calories is carbohydrate compared to 8% normally found in 
rodent milk. The pups develop hyperinsulinemia within 24 hours which persists into 
adulthood. Patel et al have investigated both cellular and molecular adaptations in response 
to the patterning of high carbohydrate diet and insulin secretion. The pancreas has profound 
changes. The pancreas from the high carbohydrate fed animals has increased number of 
smaller sized β-islets with an increase of immunopositive staining area for insulin. The islets 
also has reduced apoptosis (Petrik, Srinivasan et al. 2001). The molecular changes include 
increases in expression of transcription factors regulating the expression of the 
preproinsulin mRNA.  
Undernutrition during lactation can also impact the fetus. A study using female rats showed 
that exposure to dietary conjugated linoleic acids resulted in decreased triglyceride 
concentration in the milk via reduced de novo fatty acid synthesis in the mammary gland 
and an impaired uptake of fatty acids from lipoprotein into mammary gland (Ringseis, Saal 
et al. 2004). The lower triglyceride concentration of milk led to impaired fetal growth and 
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increased mortality of the suckling pups. As we discussed earlier, alterations in the 
triglyceride/FFA cycle also reduce triglyceride concentration of milk and lead to 
programming the fetus to develop insulin resistance (Hsieh, Millward et al 2009). Thus 
understanding the regulation of lipid metabolism during pregnancy and lactation may 
provide new insights into the mechanism(s) for development of insulin resistance.  

6. Transgenerational programming of fetus 
The data described above suggests epigenetic patterning of the fetus for disease due to 
either genetic or environmental conditions. However there is little evidence for 
transgenerational effects of the environment in mammals. Most examples of 
transgenerational environmental effects described in the literature are maternal effects. In 
Table 2 we have summarized these studies. Aalinkeel et al analyzed pups that were fed a 
high carbohydrate diet instead of the normal high lipid diet during the first three weeks of 
life. These pups develop insulin resistance and become obese (Aalinkeel, Srinivasan et al 
1999). The F1 generation from these mice also develop obesity and insulin resistance even 
though the F1 generation had no dietary alterations (Aalinkeel, Srinivasan et al 2001; Patel, 
Srinivasan 2002). In another study C57BL/6J dams (F0) were fed high fat diet during 
pregnancy. The pups develop obesity and metabolic syndrome that is transmitted through 
to the F3 generation (Dunn, Bail et al 2011). Another study showed that caloric restriction of 
the dam during pregnancy (F0) results in reduced birth weight, impaired glucose tolerance 
and obesity (Jimenez-Chillaron, Isganaitis et al 2009). The environmental imprinting caused 
by F0 dam also imprints not only the F1 generation but also the F2 generation (Jimenez-
Chillaron, Isganaitis et al 2009). Thus, the original environmental insult to the grandmother 
or mother imprints not only the fetus but future generations as well.  
Recent evidence indicates that it is not just the mother that can imprint the fetus for 
development of disease. Several studies showed that environmental insults to the 
grandfather or father imprint the fetus for several generations as well (Table 2). In congenic 
strains derived from an obesity susceptible strain, C57BL/6J and a resistant strain, A/J, 
identified a region that protects the fetus from diet-induced obesity on high fat diet. This 
small region of the A/J chromosome, Obrq2aA/J, in an otherwise C57BL/6J background 
shows that the paternal or grandpaternal allele is sufficient to inhibit diet-induced obesity 
and reduce food intake in the normally obesity-susceptible C57BL/6J strain (Yazbek, Spiezio 
et al 2010). In another study when the male C57BL/6J mouse (M) was fed a low-protein diet 
and then mated to C57BL/6J female mouse (F), the progeny has increased hepatic gene 
expression for genes in the lipogenic pathway (Carone, Fauquier et al 2010). Finally, when 
obese male Sprague-Dawley rats were mated to females fed a low-fat diet the F1 generation 
developed altered β-cell function (Ng, Lin et al 2010). Therefore, environmental insults to 
the grandfather and father can also imprint the fetus for development of obesity and insulin 
resistance.  

7. Conclusion 
The development of obesity and insulin resistance is a complex disease since it is 
mutlifactorial and both genetics as well as the environment contribute to the development of 
T2DM. Environmental stresses to either parent can result in imprinting of the fetus for 
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T2DM. Future studies will define the mechanism(s) responsible for imprinting the fetus for 
disease and offer new therapeutic strategies for prevention of T2DM. 
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1. Introduction 
The global incidence and prevalence of obesity increase with every passing year, affecting 
both developed and developing countries. An appalling estimate of 75% of adults are 
projected to be overweight or obese in the United States by 2015 (Wang and Beydoun, 2007), 
thus raising serious concerns regarding the social and economic repercussions of obesity. 
The etiology of obesity is complex, with both genetic and environmental factors influencing 
its susceptibility and development (Campion et al., 2009; Russo et al., 2010). The detrimental 
effect of obesity on metabolic, cardiovascular and central nervous system dysfunction is 
well documented, as is its association with type 2 diabetes and cancer (Andersson et al., 
2008; Bruce-Keller et al., 2009; Gallagher and LeRoith, 2010). 
The continuing study of the adipose tissue over the past  twenty years has transformed the 
perception that most investigators had of that organ. Despite being considered for decades 
no more than an uninteresting container for the storage of spare energy endowed with some 
useful mechanical and thermal insulating characteristics, the white adipose tissue (WAT) is 
actually an extremely dynamic endocrine organ that secretes a wide variety of hormones 
and cytokines, some of them in exclusivity, such as adiponectin (Zhang et al., 1994; Scherer 
et al., 1995; Kershaw and Flier, 2004; Trayhurn and Wood, 2004). Well over fifty adipokines 
have been described to date, with pleiotropic functions that highlight the involvement of the 
adipose tissue in the regulation of processes as varied as insulin sensitivity and glucose 
homeostasis, blood pressure, angiogenesis, fertility, immunity, neuroplasticity or 
inflammation (Trayhurn and Wood, 2004; Dietrich and Horvarth, 2009; Galic et al., 2010).   
Obesity is defined by excess accumulation of white adipose mass, resulting from both an 
increase in adipocyte cell size (hypertrophy) and the development of new mature cells from 
undifferentiated precursors (hyperplasia) (Heine et al., 2000; Naaz et al., 2004). Serum levels 
of most adipokines increase with obesity, whereas others, notably adiponectin, decrease, 
upsetting the energetic balance of the organism (Trayhurn and Wood, 2004; Smith et al., 
2006). Most importantly, the enlarged obese adipose tissue displays enhanced macrophage 
infiltration and behaves as a chronically inflamed organ (Weisberg et al., 2003; Xu et al., 
2003). 
The process of inflammation has evolved as a mechanism to repair a tissue after infection or 
physical damage has taken place. The acute inflammatory response is a controlled process 
initiated by tissue resident macrophages that after detecting infection or injury secrete a 
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variety of inflammatory mediators that on the one hand attract leukocytes and platelets to 
the affected site, and on the other hand activate the endothelial cells, increasing their 
permeability to leukocytes (specifically neutrophils) while avoiding extravasation of 
erythrocytes (Medzhitov, 2008). The concluding stage of inflammation is resolution, 
mediated mainly by the tissue resident macrophages that secrete anti-inflammatory 
mediators to inhibit further recruitment of neutrophils while favoring that of monocytes that 
remove dead cells and participate in tissue repair and remodeling (Medzhitov, 2008). If 
resolution is not forthcoming, chronic inflammation ensues, ultimately resulting in tissue 
damage and metabolic demise of the organism. 
Obesity is nowadays being accepted as a state of chronic low-grade inflammation (Xu et al., 
2003; Weisberg et al., 2006). This inflammatory state impacts the function of many organs 
and tissues, from the adipose tissue itself to the endothelium, the central nervous system, 
the pancreas or the liver, and is being recognized as etiological of the aging process. 

2. The proinflammatory features of dysfunctional obese adipose tissue 
The white adipose tissue is constituted by a mixture of cell types, amongst which mature 
adipocytes represent the main fraction. Fat cell number is settled during adolescence or 
early adulthood in humans, but at least 10% of the total adipose mass is renewed every year 
(Spalding et al., 2008). In fact, recent reports indicate that 1-5% of total adipocytes may be 
replaced each day (Rigamonti et al., 2011). Mature adipocytes differentiate from progenitors, 
i.e. preadipocytes, which are present in the stromal-vascular fraction of the tissue that also 
contains, together with other minority cell types, a variable number of resident 
macrophages/monocytes (Rodeheffer et al., 2008). In physiological conditions, macrophages 
in WAT display an alternatively activated M2 phenotype, characterized by secretion of anti-
inflammatory cytokines such as IL-10 (Lumeng et al., 2007; Olefsky and Glass, 2010). 
However, the cellular composition of WAT is altered in obesity (Figure 1). 
On the one hand, the number of committed preadipocytes capable of undergoing 
adipogenesis is reduced in obese individuals (Tchoukalova et al., 2004; Tchoukalova et al., 
2007; Isakson et al., 2009). Conversely, the number of infiltrated macrophages is significantly 
increased in obesity. Macrophages may represent as much as a 30 % of the total obese 
adipose tissue cell population, as compared to a 10 % in lean tissue, in both human and 
rodent models (Weisberg et al., 2003; Xu et al., 2003). Moreover, macrophages infiltrating the 
obese adipose tissue switch to a classically activated M1 phenotype (Lumeng et al., 2007), 
resulting in enhanced proinflammatory cytokine production and systemic low-grade 
inflammation arising from the adipose tissue (Olefsky and Glass, 2010).  
Obesity-associated inflammation has been linked to the development of major complications 
in acute pancreatitis (Evans et al., 2010), non-alcoholic fatty liver disease (Tilg, 2010), 
vascular inflammation and coronary artery disease (Andersson et al., 2008; Gomes et al., 
2010), chronic obstructive pulmonary disease (Tkacova, 2010), risk of cerebral ischemia and 
brain injury (Denes et al., 2010) and atherosclerotic vascular disease and myocardial 
infarction (Ohman et al., 2009). Moreover, preclinical data suggest a link between obesity 
and cancer (Hursting et al., 2008; Roberts et al., 2010). In fact, it has been estimated that 
overweight and obesity account for approximately 20 % of all cancer cases and scattered 
evidence indicates beneficial effects of weight loss on susceptibility and prognosis of some 
types of cancer (Wolin et al., 2010). This inflammatory state also underlies obesity-associated 
insulin resistance, and genetic inactivation of several inflammatory mediators or their 
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receptors in macrophages improves insulin action and may prevent the development of 
diabetes in animal models (Arkan et al., 2005; Weisberg et al., 2006; Solinas et al., 2007). 

 
Fig. 1. The cellular composition of the adipose tissue is altered in obesity. Lean adipose 
tissue is composed of mature adipocytes and the stromal vascular cell fraction characterized 
by presence of adipose tissue stem cells, committed preadipocytes, endothelial cells and 
tissue resident macrophages with an alternatively activated M2 phenotype, which secrete 
anti-inflammatory IL-10. Adipocytes secrete leptin and adiponectin amongst other adipose 
tissue hormones. The obese adipose tissue is characterized by enlarged adipocytes that 
secrete increased levels of leptin giving rise to central and peripheral leptin resistance, and 
decreased levels of anti-inflammatory adiponectin. Macrophages infiltrate the obese adipose 
tissue in high numbers and polarize to a classically activated M1 phenotype, increasing 
secretion of proinflammatory cytokines such as TNF- or IL-6. The inflammatory 
environment activates the preadipocytes that then acquire macrophage-like characteristics 
by expressing high levels of inflammatory cytokines and being unable to differentiate. 

3. Epigenetics of inflammation  
The concept of epigenetics refers to the study of cellular mechanisms that control 
somatically, and sometimes intergenerationally, inheritable gene expression states that are 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

66

variety of inflammatory mediators that on the one hand attract leukocytes and platelets to 
the affected site, and on the other hand activate the endothelial cells, increasing their 
permeability to leukocytes (specifically neutrophils) while avoiding extravasation of 
erythrocytes (Medzhitov, 2008). The concluding stage of inflammation is resolution, 
mediated mainly by the tissue resident macrophages that secrete anti-inflammatory 
mediators to inhibit further recruitment of neutrophils while favoring that of monocytes that 
remove dead cells and participate in tissue repair and remodeling (Medzhitov, 2008). If 
resolution is not forthcoming, chronic inflammation ensues, ultimately resulting in tissue 
damage and metabolic demise of the organism. 
Obesity is nowadays being accepted as a state of chronic low-grade inflammation (Xu et al., 
2003; Weisberg et al., 2006). This inflammatory state impacts the function of many organs 
and tissues, from the adipose tissue itself to the endothelium, the central nervous system, 
the pancreas or the liver, and is being recognized as etiological of the aging process. 

2. The proinflammatory features of dysfunctional obese adipose tissue 
The white adipose tissue is constituted by a mixture of cell types, amongst which mature 
adipocytes represent the main fraction. Fat cell number is settled during adolescence or 
early adulthood in humans, but at least 10% of the total adipose mass is renewed every year 
(Spalding et al., 2008). In fact, recent reports indicate that 1-5% of total adipocytes may be 
replaced each day (Rigamonti et al., 2011). Mature adipocytes differentiate from progenitors, 
i.e. preadipocytes, which are present in the stromal-vascular fraction of the tissue that also 
contains, together with other minority cell types, a variable number of resident 
macrophages/monocytes (Rodeheffer et al., 2008). In physiological conditions, macrophages 
in WAT display an alternatively activated M2 phenotype, characterized by secretion of anti-
inflammatory cytokines such as IL-10 (Lumeng et al., 2007; Olefsky and Glass, 2010). 
However, the cellular composition of WAT is altered in obesity (Figure 1). 
On the one hand, the number of committed preadipocytes capable of undergoing 
adipogenesis is reduced in obese individuals (Tchoukalova et al., 2004; Tchoukalova et al., 
2007; Isakson et al., 2009). Conversely, the number of infiltrated macrophages is significantly 
increased in obesity. Macrophages may represent as much as a 30 % of the total obese 
adipose tissue cell population, as compared to a 10 % in lean tissue, in both human and 
rodent models (Weisberg et al., 2003; Xu et al., 2003). Moreover, macrophages infiltrating the 
obese adipose tissue switch to a classically activated M1 phenotype (Lumeng et al., 2007), 
resulting in enhanced proinflammatory cytokine production and systemic low-grade 
inflammation arising from the adipose tissue (Olefsky and Glass, 2010).  
Obesity-associated inflammation has been linked to the development of major complications 
in acute pancreatitis (Evans et al., 2010), non-alcoholic fatty liver disease (Tilg, 2010), 
vascular inflammation and coronary artery disease (Andersson et al., 2008; Gomes et al., 
2010), chronic obstructive pulmonary disease (Tkacova, 2010), risk of cerebral ischemia and 
brain injury (Denes et al., 2010) and atherosclerotic vascular disease and myocardial 
infarction (Ohman et al., 2009). Moreover, preclinical data suggest a link between obesity 
and cancer (Hursting et al., 2008; Roberts et al., 2010). In fact, it has been estimated that 
overweight and obesity account for approximately 20 % of all cancer cases and scattered 
evidence indicates beneficial effects of weight loss on susceptibility and prognosis of some 
types of cancer (Wolin et al., 2010). This inflammatory state also underlies obesity-associated 
insulin resistance, and genetic inactivation of several inflammatory mediators or their 

 
Obesity and Systemic Inflammation: Insights into Epigenetic Mechanisms 

 

67 

receptors in macrophages improves insulin action and may prevent the development of 
diabetes in animal models (Arkan et al., 2005; Weisberg et al., 2006; Solinas et al., 2007). 

 
Fig. 1. The cellular composition of the adipose tissue is altered in obesity. Lean adipose 
tissue is composed of mature adipocytes and the stromal vascular cell fraction characterized 
by presence of adipose tissue stem cells, committed preadipocytes, endothelial cells and 
tissue resident macrophages with an alternatively activated M2 phenotype, which secrete 
anti-inflammatory IL-10. Adipocytes secrete leptin and adiponectin amongst other adipose 
tissue hormones. The obese adipose tissue is characterized by enlarged adipocytes that 
secrete increased levels of leptin giving rise to central and peripheral leptin resistance, and 
decreased levels of anti-inflammatory adiponectin. Macrophages infiltrate the obese adipose 
tissue in high numbers and polarize to a classically activated M1 phenotype, increasing 
secretion of proinflammatory cytokines such as TNF- or IL-6. The inflammatory 
environment activates the preadipocytes that then acquire macrophage-like characteristics 
by expressing high levels of inflammatory cytokines and being unable to differentiate. 

3. Epigenetics of inflammation  
The concept of epigenetics refers to the study of cellular mechanisms that control 
somatically, and sometimes intergenerationally, inheritable gene expression states that are 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

68

established in the absence of a change in the DNA sequence itself. Epigenetic mechanisms 
comprise an array of molecular modifications to both the DNA molecule itself and the 
histone proteins that associate with it, as well as the regulation by non-coding RNAs 
(Bernstein et al., 2007). Epigenetic processes drive the response of the cells to environmental 
cues by selectively activating or repressing transcription of subsets of genes and thus play a 
crucial role in regulating the transcriptional state and functionality of cells during 
development or in physiological and pathological conditions. Together with the genetic 
background (gene variants, polymorphisms) of an individual, the epigenetic modifications 
accumulated in the course of a lifetime of environmental influences dictate the susceptibility 
to and development of disease (Fraga et al., 2005; Poulsen et al., 2007). Remarkably, recent 
findings indicate that inflammation induces epigenetic alterations in tissues that then lay the 
basis for later disease manifestation (Backdahl et al., 2009).  
Two of the most studied epigenetic mechanisms are DNA methylation and the post-
translational modifications of histones. DNA methylation is the process by which a cytosine 
residue present in a CpG dinucleotide is methylated by a DNA methyltransferase (Dnmt) 
enzyme (Gruenbaum et al., 1981). Methylation of CpGs located close to promoters usually 
results in gene silencing and plays a crucial role in developmental processes. Recent data 
have shown that DNA methylation is in some instances dependent on the pattern of histone 
post-translational modifications in the same gene region and vice versa (Fuks, 2005). Histone 
modifications create new binding sites for regulatory proteins, thus resulting in recruitment 
of specific activator/repressor complexes (Bartke et al., 2010; Oliver and Denu, 2011). 
Numerous reports have shown a clear link between the pattern of histone modifications in 
the chromatin of a given gene and its transcriptional status, and this has been considered 
indicative of the existence of a histone code, where the pattern of histone modifications at a 
gene region regulates the transcriptional outcome, as well as other DNA-based processes 
such as replication or DNA repair, either by modulating access to the DNA or by actively 
recruiting transcriptional regulators (Strahl and Allis, 2000; Turner, 2000; Jenuwein and 
Allis, 2001). In this regard, histone lysine acetylation is usually related to gene activation 
(Pokholok et al., 2005), whereas methylation results in different outcomes, depending on the 
modified residue (Lachner et al., 2001; Santos-Rosa et al., 2002; Talasz et al., 2005). Histone 
acetylation is the result of the interplay between histone acetyltransferases (HATs) and 
deacetylases (HDACs), whereas the enzymes responsible for histone methylation turnover 
are the histone methytransferases (HMTs) and demethylases (HDMs) (Couture and Trievel, 
2006; Smith and Denu, 2009). Interestingly, many components of the basic transcriptional 
machinery and transcription factors can also undergo acetylation or metylation, which may 
in turn regulate their activity (Imhof et al., 1997; Egorova et al., 2010).  
Non-coding RNAs (ncRNAs), on the other hand, are a large group of RNA molecules that 
are not translated into protein (Bernstein and Allis, 2005). Recent findings have unravelled a 
critical role for some of these RNA molecules, such as microRNAs (miRNAs), in the 
regulation of gene expression and genomic stability. miRNAs are 18-24 nucleotide long, 
single-stranded RNA molecules that suppress the expression of protein-coding mRNAs, 
either by directing translational repression or mRNA desestabilization (Bernstein and Allis, 
2005).  
DNA methylation, histone modifications and miRNAs play key roles in the differentiation 
of adipocytes and participate in the development of obesity (Esau et al., 2004; Fu et al., 2005; 
Musri et al., 2006; Noer et al., 2006; Yoo et al., 2006; Musri et al., 2007; Lee et al., 2008; Cho et 
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al., 2009; Horii et al., 2009; Inagaki et al., 2009; Tang et al., 2009; Wakabayashi et al., 2009; 
Heneghan et al., 2010; Musri et al., 2010; Yang et al., 2010). Epigenetic processes are also 
implicated in the physiological and pathological inflammatory response (Bayarsaihan, 2011). 
Increased transcription of proinflammatory cytokine genes by master regulator NF- is 
associated with enhanced histone acetylation at their promoters (Yamamoto et al., 2003), as 
well as phosphorylation of Ser10 of histone H3 (H3Ser10) (Anest et al., 2003; Yamamoto et 
al., 2003). NF- regulatory kinase IKK- can in fact phosphorylate H3Ser10 in vitro (Anest 
et al., 2003). On the other hand, expression of NF- itself in monocytes or neutrophils is 
regulated by several miRNAs, such as miR-9, whose expression is in its turn regulated by 
NF-, thus establishing a feedback loop that may control the degree of inflammation 
(Bazzoni et al., 2009). Dysregulation of any of these processes could generate an anomalous 
persistence of the inflammatory response in time, resulting in metabolic alterations and 
tissue damage. 

4. Impact of inflammation on the adipose tissue 
Several hypotheses have been proposed in an attempt to explain the role of the adipose 
tissue in the metabolic dysfunction associated with obesity. Thus, the altered pattern of 
adipokine secretion by the obese adipose tissue (Ukkola and Santaniemi, 2002; Tataranni 
and Ortega, 2005;), the inflammatory state associated with obesity (Cottam et al., 2004), or 
the inability of the adipose tissue to expand its mass in response to increased energy intake 
(Virtue and Vidal-Puig, 2010) have all been signaled as possible culprits. However, all these 
different hypotheses are not mutually exclusive. 
Inflammation of the adipose tissue has been proposed as the critical element that 
distinguishes metabolically ‘healthy’ from ‘unhealthy’ obese subjects (Bluher, 2010), and a 
recent study has reported that increased inflammation in the adipose tissue precedes the 
development of obesity and insulin resistance in mice (Mori et al., 2010). Interestingly, 
preadipocytes display many functional and antigenic features in common with the 
monocyte/macrophage lineage and can actually be converted into macrophages given the 
adequate environment (Charriere et al., 2003). In fact, inflammatory cytokines such as tumor 
necrosis factor (TNF)- and interleukin 6 (IL-6) block adipogenesis (Gustafson and Smith, 
2006) and induce the expression and secretion of molecules that are not usually secreted by 
preadipocytes, such as IL-1, IL-6 itself or the monocyte chemoattractant protein MCP-1 
(Isakson et al., 2009). Therefore, inflammation has a double-hit effect on adipose tissue 
dysfunction by on the one hand decreasing adipogenesis and consequently cell turnover 
and expandability potential, and on the other increasing cytokine production thus 
establishing a self-sustaining cycle. Epigenetic mechanisms probably underlay this 
phenotype. In fact, overexpression of DNA methyltransferase Dnmt3a in mouse adipocytes 
results in enhanced expression of proinflammatory genes by the obese adipose tissue 
(Kamei et al., 2010). Obesity caused by high-fat diet increases DNA methylation at the leptin 
promoter in rat adipocytes, and this is associated with decreased circulating leptin levels 
(Milagro et al., 2009). Inflammatory cytokines such as TNF- provoke wide transcriptomic 
changes in adipose tissue in vivo and in vitro (Ruan et al., 2002b; Isakson et al., 2009). In 
particular, TNF- induces expression of the pseudokinase Tribbles 1 (Trb1) in mature 
adipocytes. Trb1 then binds to NF- target promoters and favors transcription of 
proinflammatory genes (Ostertag et al., 2010), thus creating a vicious circle. On the other 
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hand, incubation of differentiated adipocytes in the presence of TNF- suppresses 
expression of mature adipocyte genes, and reactivates the expression of those characteristic 
of the preadipocyte stage (Ruan et al., 2002a). Obesity produces the same effect, thus 
suggesting that the changes observed in obese adipose tissue are due to the 
proinflammatory environment (Xie et al., 2009). Moreover, obesity alters the pattern of 
adipose tissue-expressed miRNAs in the same fashion, by suppressing expression of mature 
adipocyte miRNAs, such as miR-103 or mir-143, while reactivating the expression of those 
highly expressed in preadipocytes, including miR-221 and miR-222, (Xie et al., 2009). 
Expression of miR-222 is also increased in 3T3-L1 adipocytes maintained under 
hyperglycemic conditions (Herrera et al., 2010) or in adipose tissue of mice treated with 
conjugated linoleic acid (Parra et al., 2010), indicating that it is involved in the 
pathophysiology of diabetes. Interestingly, a number of miRNAs play crucial functions in 
both the adipose tissue and the immune system. Thus, the miR-17~92 cluster accelerates 
adipogenesis in 3T3-L1 cells (Wang et al., 2008) and blocks monocytic differentiation of 
human CD34+ hematopoietic progenitor cells (Fontana et al., 2007), although this later effect 
is not seen in vivo in two different mouse models (Ventura et al., 2008; Xiao et al., 2008). 
Incidentally, however, no effect of miR-17~92 deficiency on the adipose tissue has been 
reported to date.  

5. Impact of inflammation on the endothelium 
Endothelial damage and associated increased cardiovascular risk is a fixture of obesity 
(Andersson et al., 2008). Endothelial cells incubated in the presence of preadipocytes treated 
with proinflammatory cytokines as compared with control preadipocytes express high 
levels of those cytokines themselves and display increased monocyte adhesion to them 
(Mack et al., 2009). 
The regulatory role of epigenetic mechanisms in the pathogenesis of atherosclerosis and risk 
of coronary artery disease and stroke is increasingly being recognized (Wierda et al., 2010). 
Recent studies have shown that histone methylation is involved in establishing and 
maintaining the activated proinflammatory state of vascular smooth muscle cells (VSMC) in 
diabetic obese db/db mice. Histone methyltransferase Suv39h1 is required to maintain high 
levels of repressive trimethylation of the lysine K9 of the histone H3 (H3K9me3) at the 
promoters of inflammatory genes in these cells (Villeneuve et al., 2008). In diabetic mice, 
expression of miR-125b increases in VSMCs and this results in decreased expression of its 
target Suv39h1 and thus decreased H3K9me3 methylation at the promoters of 
proinflammatory genes, coupled with increased gene expression (Villeneuve et al., 2010). 
Similarly, histone demethylase LSD1 is decreased in db/db VSMCs, resulting in increased 
H3K4me2 levels and enhanced expression of inflammatory genes ccl2 and il6  (Reddy et al., 
2008).  
The key proinflammatory transcription factor NF- is upregulated in endothelial cells as a 
response to hyperglycemia in vitro, and this is associated with binding of LSD1 and histone 
methyltransferase Set7 to its promoter and increased H3K4me1 methylation (Brasacchio et 
al., 2009). In its turn, NF- also associates with Set7 to stimulate transcription of its target 
genes in monocytes, and Set7 binding to proinflammatory promoters increases in 
macrophages from diabetic mice (Li et al., 2008). Interestingly, one of the genes whose 
expression is increased by NF- and Set7 in macrophages treated with TNF- is the 

 
Obesity and Systemic Inflammation: Insights into Epigenetic Mechanisms 

 

71 

histone demethylase JMJD3 (Li et al., 2008), thus suggesting a mechanism by which 
proinflammatory cytokines induce expression of chromatin-modifying enzymes in target 
cells to remodel chromatin and amplify the inflammatory response.  
The expression of a number of miRNAs is also altered in endothelial cells incubated under 
inflammatory conditions (Dentelli et al., 2010). Expression of miR-222, for instance, is 
downregulated in endothelial cells exposed to inflammatory stimuli and its expression is 
negatively correlated with inflammation-mediated vascular remodeling through regulation 
of its target Signal Transducer and Activator of transcription 5A (STAT5A) (Dentelli et al., 
2010). Treatment with Angiotensin II (Ang II) also has been shown to decrease the 
expression of miR-221/222 as well as miR-155 in human umbilical vein endothelial cells 
(HUVEC), and this decrease is associated with increased expression of their target Ets-1, a 
transcription factor that regulates the expression of adhesion molecules in endothelial cells 
(Zhu et al., 2011). Overexpression of miR-221/222 and miR-155 in HUVEC effectively 
decreased the adhesion of Jurkat T cells to Ang II-treated HUVEC (Zhu et al., 2011). 
Increased expression of adhesion molecules E-selectin and ICAM1 in endothelial cells 
treated with TNF- is also mediated through changes in the expression of miRNAs such as 
miR-31 or miR-17-3p (Suarez et al., 2010).  

6. Obesity and aging  
Healthy aging and longevity are negatively influenced by inflammatory processes and 
metabolic alterations. The longevity phenotype seems to arise from a complex network of 
genetic, epigenetic and environmental factors interacting through still poorly characterized 
pathways. A negative relationship between adiposity and longevity has been recently 
proposed in an epidemiological study in healthy centenarians which revealed that low body 
fat mass, a nonatherogenic lipid profile and a better insulin sensitivity correlate with human 
longevity (Bluher, 2008). Moreover, telomere length, which is a marker of cellular 
senescence dependent of intricate epigenetic mechanisms, has recently been found to be 
decreased in human subjects with higher total and abdominal adiposity, further reinforcing 
the notion that obesity may accelerate the aging process (Lee et al., 2011).  
Most of the longevity gene candidates described so far are related either to inflammatory 
functions, lipid and glucose metabolism or the stress response. Indeed, aging is 
characterized by chronic low-grade inflammation termed "inflammaging", in which a two- 
to fourfold increase in proinflammatory cytokines and acute phase protein production is 
observed (Jylhävä and Hurme, 2010). Notably, preadipocytes, which as mentioned are 
closely related to macrophages, dedifferentiate with aging and switch to a proinflammatory, 
senescent-like state (Tchkonia et al., 2010). However, a senescent-like state also develops in 
fat cells and preadipocytes from young obese subjects (Villaret et al., 2010). 
Changes in DNA methylation levels and histone modification patterns have been detected 
throughout life although their effect on aging is only just beginning to be revealed 
(Siegmund et al., 2007; Dang et al., 2009; Greer et al., 2010; Siebold et al., 2010). Whether 
the age-dependent epigenetic drift is boosted by pathological metabolic situations such as 
obesity-related inflammation remains an unexplored territory. However, several 
observations point to a role for epigenetics in the regulation of lipid metabolism, 
inflammation and longevity. In organisms ranging from yeast to mammals, leanness and 
caloric restriction have been shown to increase longevity through the class III histone 
deacetylase sirtuin 1 (SIRT1), which acts in several cell processes by deacetylating both 
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histones and transcription factors. A putative role for sirtuins as metabolic or oxidative 
sensors that respond to the cellular environment has been proposed (Frye et al, 1999). 
Interestingly, a potential protective role of SIRT1 against the metabolic consequences of 
chronic exposure to a high-fat diet has been recently described in a transgenic SIRT1 
mouse model (Pfluger et al., 2008). Mice overexpressing SIRT1 and fed a high fat diet 
showed lower lipid-induced inflammation along with better glucose tolerance, and almost 
entire protection from hepatic steatosis compared with wild type controls. Such beneficial 
effects of SIRT1 correlated with increased expression of antioxidant proteins MnSOD and 
Nrf1 and reduced expression of proinflammatory cytokines, such as TNF- and IL-6, 
probably by inhibiting NF-K activity. Consistent with these observations, the AMP-
activated protein kinase AMPK, acting through SIRT1 negatively regulates lipid-induced 
inflammation, indicating that this protein deacetylase may exert its anti-aging function at 
least in part through protection against obesity, inflammation, and insulin resistance 
(Yang et al., 2010). Interestingly, it has been shown that the natural compound resveratrol 
has anti-inflammatory effects in human adipose tissue through the SIRT1 pathway 
(Olholm et al., 2010) and several studies have described its capacity to extend lifespan in 
different species (i.e. S. cerevisae, C. elegans, and D. melanogaster) also through the sirtuin 
pathway, although other studies did not find an effect of resveratrol on lifespan. 
(Mouchiroud et al., 2010).  

7. Obesity and the central nervous system 
In a prospective cohort study conducted from 1997 to 2002 of 3075 subjects aged 70 to 79 
years, an increased rate of cognitive decline was detected in those with high levels of serum 
markers of inflammation (Yaffe et al, 2004). Indeed, subclinical inflammation seems to be 
involved in the pathogenesis of cognitive impairment. Increased body mass and obesity 
have been related to cognitive decline, including decreased attentional performance, speed 
of processing and executive functions (Gunstad et al., 2007; Boeka et al, 2008; Fergenbaum et 
al, 2009). Moreover, midlife obesity is increasingly being described as a dementia risk factor 
in later life (Fitzpatrick et al, 2009). Reductions in brain volume in frontal, temporal, parietal, 
and occipital lobes, gray matter in temporal and frontal regions and white matter have been 
associated with obesity (Pannacciulli et al., 2006; Gunstad et al., 2008; Taki et al., 2008; 
Volkow et al., 2009; Ho et al., 2010; Stanek et al, 2011). 
Neural oxidative stress, inflammation, and NF- activation have been detected in cerebral 
cortex from rats fed a high fat diet (Zhang et al 2005), suggesting a link between diet-induced 
obesity and increased risk of dementia. This can be due, at least in part ,to triglyceride 
breakdown into free saturated fatty acids such as palmitic acid and lauric acid, which have 
been shown to modulate astrocytic and microglial signaling and to trigger inflammatory 
signals in macrophages (Patil et al, 2005; Laine et al, 2007). Another mechanism that seems to 
be involved in the peripheral modulation of CNS function is the impairment by triglycerides 
of leptin transport through the blood-brain barrier (Banks et al., 2004).  Leptin is an afferent fat-
to-brain signal entering the brain via a saturable transport mechanism and acting at 
hypothalamic centers to regulate the feeding behavior. In addition to this well characterized 
hypothalamic function, leptin receptors are also widely expressed in other regions of the brain, 
including brain stem, cerebellum, amygdala and hippocampus (Fei et al., 1997; Elmquist et al., 
1998) and a role for leptin in cognitive processes has been proposed (Harvey et al., 2005). For 
example, behavioral performance was improved in rats after intravenous administration of 

 
Obesity and Systemic Inflammation: Insights into Epigenetic Mechanisms 

 

73 

leptin (Oomura et al., 2006).  Notably, leptin has been shown to modulate the inflammatory 
signaling in microglia (Pinteaux et al, 2007; Tang et al, 2007). 
Recently, intergenerational effects of maternal obesity on the CNS have been reported in 
mouse models, sustained at least in part by epigenetic mechanisms. Indeed, maternal 
obesity induced by consumption of a high fat diet prior to and during pregnancy and 
lactation leads to metabolic alterations in the offspring together with behavioral and 
biochemical alterations within their CNS. For example, effects of prenatal and postnatal 
exposure to high fat diet (HFD) on the brain were studied by analyzing pups born to HFD-
induced obese or control diet (CD) mothers (White et al, 2009). After weaning, male progeny 
was placed on a CD until 8 weeks old, and then fed either a HFD or a CD themselves. HFD 
progeny from HFD dams manifested a significantly increased cognitive decline associated 
with significant increases in 3-nitrotyrosine, iNOS, IL-6, and glial markers Iba-1 and GFAP. 
These data suggest that brain oxidative and inflammatory signaling is increased by HFD, 
and that maternal HFD-induced obesity might sensitize offspring. Other studies seem to 
support some of these observations. Diet-induced maternal obesity has recently been 
reported to impair hippocampal BDNF production and spatial cognitive function in young 
offspring, possibly due to metabolic and oxidative changes. (Tozuka et al, 2010). Similarly, 
in a recent report, rats were fed high-fat diets that created an obese phenotype or were 
maintained under a low-fat diet for 4 weeks prior to mating, throughout pregnancy and 
lactation (Bilbo and Tsang, 2010). At birth, pups from obese mothers showed increased 
serum leptin levels and microglial activation markers in the hippocampus. From weaning to 
adulthood, in response to a bacterial challenge (LPS), peripheral proinflammatory cytokines 
were significantly increased in offspring from obese mothers compared to controls. These 
changes were accompanied by higher anxiety levels in the HFD offspring. Although the 
cognitive susceptibility of the offspring from obese mothers to inflammatory insults was not 
evaluated, surprisingly rats born to obese mothers performed better in memory and spatial 
learning tasks than their low fat diet controls, suggesting that exposure to HFD during 
development may lead to different cognitive outcomes than during adulthood (Granholm et 
al., 2008; Murray et al., 2009). On the whole, these data suggest an obesity-induced early life-
programming that may be established by epigenetic mechanisms. 

8. Obesity and cancer  
The connection between obesity and cancer is extensively documented. Obesity has been 
reported as a cause of approximately 14 % of cancer deaths in men and up to 20 % of cancer 
deaths in women in a 25-year-prospective study of U.S. adults (Calle et al.,  2003). In Europe, 
a review by the International Agency for Research on Cancer (IARC) in 2002 concluded that 
obesity was a cause of 39 % of endometrial, 37 % of esophageal, 25 % of kidney, 11 % of 
colon and 9 % of postmenopausal breast cancer cases (International Agency for Research on 
Cancer, 2002). By contrast, being overweight  or obese during childhood and adolescence 
appears to be protective against breast cancer (Ahlgren et al., 2004). Body weight has also 
been inversely associated with breast cancer in premenopausal women (Huang et al, 1997). 
Depending of the type of cancer, different mechanisms have been proposed that can be 
influenced by obesity for example the dysregulation of adipokines. Some of those that 
regulate the immune and the inflammatory response (i.e. leptin, TNF-, IL-6, serum 
amyloid A), seem to contribute to tumorigenesis, tumor progression and metastatic 
potential. Although evidence is still weak, inflammation is a mechanism gaining interest in 
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colon and 9 % of postmenopausal breast cancer cases (International Agency for Research on 
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the cancer field mainly because obesity-related inflammatory markers are increasingly 
associated with worse cancer prognosis (Pierce et al., 2009). Chronic inflammation has been 
linked to initiation and progression of different cancer types, including gastric (Farinati et 
al., 2008), hepatocellular (Fernandez-Irigoyen et al., 2008; Lukasiak et al., 2008), and 
colorectal (Wang & DuBois, 2008) carcinoma. The tumor-associated stroma includes among 
other cell types adipocytes, inflammatory and immune cells and influences the development 
and progression of tumors through its interaction with transformed cells via soluble 
mediators, such as growth factors and cytokines (Mantovani et al., 2008; Ono et al., 2008).  
Other means through which obesity-related chronic inflammation may influence cancer 
development is by altering the host antitumor immune response (Nave et al, 2008) and 
growth factor pathways. Indeed, recent data implicate IGF-I in the obesity-induced increase 
in tumor cell growth and support a critical role of inflammatory cytokines in the regulation 
of hepatic metastasis (Wu et al, 2010). Moreover, leptin, a proinflammatory adipokine 
increased in obesity, can induce eicosanoid production through a PI3K/mTOR-dependent 
pathway and activate resident macrophages to form adipose differentiation-related protein 
(ADRP)-enriched lipid droplets (Maya-Monteiro & Bossa, 2008). Notably, human colon 
adenocarcinoma cell lines and colon cancer biopsies from patients have recently been shown 
to exhibit a drastic increase in ADRP and COX-2-enriched lipid bodies. The pathological 
implications of these changes are supported by data showing that inhibition of lipid droplet 
formation in cancer cells reduces PGE2 production and correlates with diminished cancer 
cell proliferation (Accioly et al., 2008).  
Cells from the white adipose tissue can be recruited by tumors promoting cancer 
progression in mice. WAT cellular types engrafted in tumors include adipose stromal cells 
and adipose endothelial cells and their migration has been attributed to obesity-associated 
inflammation. (Zhang et al., 2009). 
Although evidence for specific epigenetic mechanisms linking obesity-related chronic 
inflammation and cancer is currently lacking, several observations allow a link to be 
hypothesized. It has been proposed that aberrant epigenetic modifications can be induced 
by inflammation early in the process of carcinogenesis and that the accumulation of these 
modifications generates "an epigenetic field for cancerization" (Niwa and Ushijima, 2010). 
Alterations in cytokine and chemokine signaling seem to be involved in inflammation-
induced aberrant DNA methylation. For example, IL-6 promotes the induction of significant 
global DNA hypomethylation as well as CpG promoter methylation changes in putative 
tumor suppressor genes such as CHFR, GATA5 and PAX6 in an in vitro model of 
inflammatory stress in squamous cell carcinoma (OSCC) cell lines (Gasche et al., 2011). 
Disturbances in the activity of DNA methyltransferases are increasingly related to  the 
development of malignant phenotypes and it is interesting to note that the expression of the 
de novo methyltransferase Dnmt3a is increased in the adipose tissue and seems to contribute 
to obesity-related inflammation (Kamei et al., 2010). 
Non-coding RNAs are also part of the cellular epigenetic machinery that regulates cell fate 
and functioning in response to environmental signals. Among them, miRNAs have been 
implicated in the control of a wide variety of biological processes ranging from proliferation 
and apoptosis to metabolism (Krol et al., 2010). Notably, several forms of human tumors 
present a robust upregulation of mir-221 and miR-222, two related miRNAs encoded in 
cluster on chromosome X (Garofalo et al., 2009; Rao et al., 2010; Pu et al, 2010; Zhang et al., 
2010; Pineau et al., 2010; Galardi et al, 2011). Interestingly, miR-221 and miR-222 levels are 
downregulated during adipogenesis but increased in obese adipocytes. These changes have 
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been attributed to the elevated TNF- levels and the overall chronic inflammatory 
environment generated by the obese adipose tissue, as they were mimicked by treatment of 
differentiated 3T3-L1 adipocytes with TNF- (Xie et al, 2009).  

9. Conclusions 
It is becoming increasingly evident that obesity is not only associated with metabolic 
alterations and decreased general wellbeing but it also represents a risk factor for the 
development of other chronic diseases such as cardiovascular disease, central nervous 
system dysfunction, cancer as well as accelerated aging (Figure 2).  
 

 
Fig. 2. Inflammation impacts tissue function and organismal aging. Inflammation causes 
increased macrophage infiltration and decreased adipocyte turnover in the adipose tissue, in 
part due to increased NF- activation, Trb1 expression and alteration of the miRNA profile. 
Overexpression of DNA methyltransferase Dnmt3a in adipose tissue also results in increased 
cytokine expression. In the endothelium inflammation increases expression of proiflammatory 
genes through the regulation of histone demethylases and methyltransferases LSD1, Set7 and 
Suv39h1, as well as miRNA miR-125b which targets Suv39h1. In the central nervous system, 
epigenetic effects of inflammation seem to be mediated by decreased BDNF expression and 
altered leptin signaling. Inflammation also impacts on cell senescence and organismal aging, 
through deregulation of the pattern of DNA methylation and histone deacetylase Sirt1, and in 
cancer initiation and progression, by growth-promoting cytokine signaling and deregulation 
of DNA methylation and the profile of miRNAs. 
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Obesity is now recognized as an inflammatory disease. Inflammation impacts negatively the 
function of many organs and tissues through increased macrophage infiltration and 
decreased adipocyte turnover in the adipose tissue, in part due to increased NF- 
activation and Trb1 expression. Epigenetic mechanisms such as alteration of the miRNA 
profile and overexpression of DNA methyltransferase Dnmt3a in adipose tissue also result 
in increased cytokine expression. In the endothelium, inflammation increases expression of 
proiflammatory genes through the regulation of histone demethylases and 
methyltransferases LSD1, Set7 and Suv39h1, as well as miRNA miR-125b which targets 
Suv39h1. In the central nervous system, epigenetic effects of inflammation seem to be 
mediated by decreased BDNF expression and altered leptin signaling. Inflammation also 
impacts on cell senescence and organismal aging, through deregulation of the pattern of 
DNA methylation and histone deacetylase Sirt1. Inflammation may also affect cancer 
initiation and progression through growth-promoting cytokine signaling and deregulation 
of DNA methylation and the profile of miRNAs. The emerging picture of potential long 
lasting systemic alterations induced by obesity-related inflammation, some of which could 
be transmitted to subsequent generations, raises the urgent need to implement educative, 
preventive and therapeutic approaches to this serious health concern.  
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1. Introduction 
Chronic hyperglycemia associated with type 2 diabetes mellitus (T2D) is a result of deficient 
insulin secretion and/or resistance of target tissues to insulin’s action. Chronic 
hyperglycemia is a major etiological factor causing both micro- and macrovascular lesions 
associated with diabetes. Numerous biochemical changes initiated by hyperglycemia 
directly influence cellular function and lead to abnormal vascular remodeling and the 
development of vascular diabetic complications (Wadham et al., 2007, King et al, 1996, 
Brownlee, 2001). 
Recent literature data states that the innate immune system might be involved in the 
pathogenesis of type 2 diabetes. It is now commonly accepted that diabetes is associated 
with low-grade inflammation; there are a lot of human studies that demonstrate an increase 
for some of the inflammatory markers (hsCRP) including interleukins (IL-6, etc) and several 
adhesion molecules (intercellular adhesion molecule 1, ICAM-1, E-selectin) in patients with 
T2D, compared to controls (Garcia et al, 2010). Type 2 diabetes is initiated as a result of both 
genetic and acquired individual factors associated with triggering stimuli such as 
overeating, under-activity, increasing age, psychological stress and smoking. All these are 
also responsible for the activation of innate immunity, leading to insulin resistance (Garcia 
et al, 2010). 
Obesity induces changes in skeletal muscle, adipose tissue and the liver that result in 
localized inflammation and insulin resistance (IR) through autocrine and paracrine 
signaling. Excess adiposity is the most important risk factor for the development of insulin 
resistance, type 2 diabetes and their cardiovascular complications (Tataranni, 2005). Insulin 
resistance is extensively studied by medical and scientific communities because of its 
increased prevalence and its association with cardiovascular disease. Even if the precise 
molecular mechanism(s) linking insulin resistance to the development and/or progression 
of atherosclerosis remains under debate, it is clear that inflammation is a contributing factor. 
The exact physiological events leading to the initiation of the inflammatory response in 
obesity remain incompletely understood. Adipokines such as resistin and leptin, which are 
secreted by adipocytes, can induce inflammation and the associated insulin resistance. As 
part of the chronic inflammatory process, chemokines secreted locally, in the adipose tissue, 
attract pro-inflammatory macrophages that contribute to the acceleration of inflammatory 
markers’ synthesis (Zavaroni I, 2000, De Luca 2008).  
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Adiponectin is one of the adipocyte-derived proteins that have insulin-sensitizing, 
antiinflammatory, and antiatherogenic properties. Clinical studies show that decreased 
plasma levels of adiponectin have been associated with obesity, type 2 diabetes, and 
hypertension; plasma adiponectin levels are significantly lower in patients with coronary 
artery disease. Experimental as well as clinical studies strongly suggest that physiologic 
levels of adiponectin are necessary to maintain the normal, non-inflammatory phenotype of 
the vascular wall and that the protective role of adiponectin is due to it’s capacity to 
preserve the endothelial cell function (Ouedraogo et al, 2007,  Goldstein & Scalia, 2004, 
Scherer, 2006, Arita et al, 1999, Hotta et al, 2000, Iwashima et al, 2004, Ouchi et al, 2000).  
Relative risk of cardiovascular disease is increased 2–3 times in diabetic men and 3–4 times 
in diabetic women compared to non-diabetic controls; atherosclerosis is the major causal 
factor for these pathological events (Ray et al, 2009). Blood-borne inflammatory and immune 
cells constitute an important part of the atheroma lesions; activated immune cells in the 
atherosclerotic plaque produce inflammatory cytokines (interferon, interleukin-1, and 
tumor necrosis factor), which induce the production of substantial amounts of interleukin-6 
(IL6) and other inflammatory factors (Hansson, 2005). Therefore inflammation is an 
important component in the development of atherosclerosis specifically in the setting of 
type 2 diabetes and insulin resistance. 
In patients at high risk of cardio-vascular disease, the first signs of endothelial dysfunction 
are observed in morphologically intact vessels, before the onset of clinically manifested 
vascular disease. There are several lines of evidence indicating especially that endothelial 
function is compromised in situations associated with reduced sensitivity to endogenous 
insulin. The adhesion of circulating leukocytes to endothelial cells plays an important role in 
the initiation of atherosclerosis. Cellular adhesion molecules are poorly expressed by the 
resting endothelium, but they are up-regulated during atherogenesis;  the soluble forms of 
some cellular adhesion molecules, such as E-selectin, can be found in plasma and it has been 
suggested that elevated plasma levels of these cellular adhesion molecules may constitute  
an index of endothelial activation or even a molecular marker of early atherosclerosis 
(Ceriello, 2004, Stühlinger, 2002). Adhesion molecules (E-selectin, ICAM1, VCAM) as well as 
cytokines are up-regulated under the effect of hyperglycemia (Zheng et al, 2007, Miyamoto 
et al, 1999, Joussen et al, 2002). 
Nitric-oxide (NO) is synthesized from L-arginine by a family of enzymes, called NO 
synthases (NOSs) and has antiatherogenic and antithrombotic functions. The constitutively 
expressed NOS isoforms, endothelial NOS (eNOS) and neuronal NOS (nNOS), are likely to 
be the major contributors to whole-body NO production. In the last decades, a great effort 
has been made to understand the role of NO as a modulator of physiological insulin 
secretion as well as its ability to modulate glucose metabolism and its’ involvement in 
insulin resistance. It has been described that eNOS activation, specifically localized in 
skeletal muscles, increases muscle blood flow, with increased delivery of glucose to the 
muscle cell (Monti L.D., 2003). In endothelial cells, insulin stimulates the expression and 
activity of endothelial NO synthase (eNOS), resulting in increased production of NO. Under 
normal circumstances, NO is not only critically important in the process of vasodilatation, 
but it also counteracts the stimulatory effect of VEGF on the expression of adhesion 
molecules such as E-selectin, intracellular adhesion molecule (ICAM1), and vascular cellular 
adhesion molecule (VCAM), thereby protecting the endothelial cells from excessive 
interactions with circulating monocytes (Low Wang, 2004).  
Endothelial dysfunction is associated with many pathological conditions, including 
hyperlipidemia, hypertension, metabolic syndrome, insulin resistance and diabetes. 
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Endothelial dysfunction is characterized by a loss of nitric oxide bioavailability mainly due 
to its inactivation under the effect of superoxide excessively produced and is considered a 
very important cellular event responsible for the adverse effects of high glucose on the 
blood vesels (Wadham et al, 2007, Brownlee, 2001). Both in vitro and in vivo studies show 
that exposure to hyperglycemia reduces endothelial NO availability and its bioactivity 
(Williams et al, 1998, Veves et al, 1998).  
The control of blood glucose homeostasis is mainly determined by two closely related 
physiological mechanisms: the capacity of the pancreas to secrete insulin and the biological 
action of this hormone on insulin-sensitive tissues, especially liver, muscle and adipose 
tissue (Foss-Freitas, 2004). It is well known that in type 2 diabetes mellitus and in metabolic 
syndrome, as well as in various other human pathological states such as glucose intolerance, 
obesity, polycystic ovary syndrome, essential hypertension, and, more recently, 
atherosclerosis, insulin resistance is either an associated condition or is considered to be a 
predictor or pathogenic factor (De Fronzo, 1988, 1991, Guizea, 2008). Insulin resistance is the 
condition in which normal amounts of insulin are inadequate to produce a normal 
physiologic response in the main target tissues of the pancreas hormone (fat, muscle, liver).  
Insulin resistance reduces the effects of insulin and results in elevated hydrolysis of 
triglycerides stored in the fat cells, leading to an increase of the free fatty acids’ level in 
plasma.  Insulin resistance in muscle cells reduces the glucose uptake, whereas in liver cells 
results in impaired glycogen synthesis and a failure to suppress glucose production. All 
these phenomena lead to reduced muscle glucose uptake and increased liver glucose 
production, thus contributing to the elevation of the blood glucose level, and accelerating 
the glucose toxicity associated with the insulin resistance (Freitas 2004, De Fronzo 1988, 
1991, Guizea 2008). 
The medical community agrees that the evaluation of the insulin resistance phenomena 
might be important for the assessment of hyperglycemia patients. According to literature 
data, the most efficient and scientifically correct methods for the evaluation of insulin 
resistance are “clamp” techniques. These procedures require i.v. access, multiple 
venipunctures, and take a long time, thus being relatively impractical for office assessment 
and difficult from the patients’ point of view. The euglycemic hyperinsulinemic clamp 
technique is the reference method, the “gold standard” for quantifying insulin sensitivity or 
resistance in vivo because it directly measures the effects of insulin on glucose use under 
steady state conditions (Freitas 2004). Besides the euglycemic hyperinsulinemic clamp 
technique, other clamp techniques have been developed: frequently sampled IV glucose 
tolerance test (FSIVGTT), insulin tolerance test (ITT), insulin sensitivity test (IST), and 
continuous infusion of glucose with model assessment (CIGMA). There are also some 
models available for the evaluation of insulin resistance depending on glucose and insulin 
levels in oral glucose tolerance tests: Insulin Sensitivity Index (ISI), Matsuda test, Caderholm 
test, Gut test, etc. Unfortunately, most of these methods share the disadvantages of the 
euglycemic hyperinsulinemic clamp, requiring i.v. access, multiple blood sampling, 
glucose/insulin infusion for several hours, being also difficult to use for the patients and for 
the specialists (McAuley 2001, Matsuda 2010).  
Largely because of the fact that the standard methods for assessing beta-cell function and 
insulin sensitivity, the hyperglycemic and euglycemic glucose clamps, are complex and 
costly to perform, several studies have been conducted to determine simpler and more 
applicable assessments (Dansuntornwong 2007).  
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So the mathematical models for the evaluation of insulin resistance depending on fasting 
levels of glucose and insulin are presently used. The most popular test of this kind is the 
Homeostatic model assessment (HOMA) of β-cell function and insulin resistance and it was 
first described in 1985 (Soonthornpun 2003). This test represents a method for assessing β-
cell function and IR from basal glucose and insulin or C peptide concentrations. The model 
has been widely used since it was first published. (Wallace 2004, Song 2007, Margina 2005). 
Recent data mentioned some other models for the evaluation of insulin resistance. 
Quantitative Insulin Sensitivity Check Index (QUICKI) can be evaluated depending on fasting 
levels of glucose and insulin. Many investigators believe that QUICKI is superior to HOMA as 
a way of determining insulin sensitivity (Katz 2000, Mather 2001, Yokoyama 2000).  
Since T2D, obesity, insulin resistance, metabolic syndrome, and atherosclerosis, the last one 
being the main complication of chronic hyperglycemia, share the inflammatory pattern, the 
aim of this research was to assess the profile of some markers of inflammation (hsCRP, IL6, 
E-selectin), of the adipocyte function (adiponectin) and of the endothelial status (plasma NO 
stable end products) in correlation with the insulin resistance indexes, in a Romanian group 
of patients.  
For this purpose 80 patients were selected and their informed consent was obtained. Any 
past or present insulin treatments, along with hematological, kidney or malignant diseases 
were exclusion criteria.  

2. Materials and methods 
2.1 Subjects and study design 
We included in our study 80 patients, 40 to 60 years old. Any past or present insulin 
treatment, along with any hematological or kidney diseases were an exclusion criterion. The 
protocol was approved by the local ethics committee and the informed consent of the 
patients was obtained. 

2.2 Biochemical evaluation 
For the studied patients we assessed, on à jeun blood samples, the following parameters: 
fasting plasma glucose (FPG), fasting plasma insulin, plasma lipids and lipoproteins (total 
cholesterol - TC, triglycerides –TG, low density lipoproteins - LDL, high density lipoproteins 
- HDL), plasma insulin level. Fasting plasma glucose and plasma lipids (TC, LDL, and HDL) 
were determined using automatic devices and commercial kits (Merck and Biorad), on an 
Olimpus 400 analyzer. Insulin, adiponectin, interleukin 6 and E-selectin were evaluated 
using ELISA kits (Invitrogen) on a ChemWell 1000 device. The NO stable end products 
(nitrite and nitrate) were evaluated using enzymatic catalysis coupled with Griess reaction 
(Gradinaru, 2003, Moshage, 1995, Archer, 2003) 
Using the values of fasting plasma glucose and insulin, several insulin sensitivity indexes 
have been evaluated (Quicki, HOMA-IR, 1/HOMA-IR, log(HOMA-IR), HOMA-B), 
according to the presented formula (McAuley 2001, Matsuda 2010, Dansuntornwong 2007, 
Wallace 2004). 

2.3 Statistical analysis 
Results are reported as means ± standard deviation (SD). Student t test was appropriately 
used for group comparisons. Correlations were assessed by a non-parametric test 
(Spearman). P values <0.05 were considered statistically significant. 
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3. Results an discussions 
The patients were divided into three groups, according to their BMI:  
 control group (n=20), BMI<25 kg/m2,  
 overweight group (n=30), 25 kg/m2≤BMI<30 kg/m2,  
 obese group (n=30), BMI≥30 kg/m2.  
Table 1 shows the general biochemical parameters for the three studied groups. 
Our results show that the weight increase is associated with a disturbance of the glycemic 
and lipid homeostasis. The fasting plasma glucose, total cholesterol and the lipoprotein 
levels increased from the control group to the other two studied groups. The LDL and TG 
increased significantly at the obese patients compared to controls, but not significantly at 
overweight patients compared to controls. All the other parameters varied significantly both 
in the overweight and the obese groups compared to the lean group. 
 

Evaluated parameters Control group Overweight group Obese group 
BMI (kg/m2) 21.46±2.02 27.28±1.61** 35.04±4.74** 
Fasting plasma glucose 
(mg/dL) 85.8±7.25 128.2±74.17** 163.24±73.80** 

Total cholesterol (mg/dL) 176.60±34.46 201.05±38.48* 216.8±37.11** 
LDL cholesterol (mg/dL) 100.18±39.10 119.48±37.18 133.51±30.72* 
HDL cholesterol (mg/dL) 60.20±13.17 48.47±11.34* 48,80±15.52* 
Triglycerides (mg/dL) 81.10±55.67 86.75±52.61 173.36±129.21** 

*p<0.05, **p<0.01 

Table 1. The biochemical parameters for the overweight and obese patients compared to the 
control group 

Analyzing the lipid profile of the selected patients we pointed out that 36% of the 
overweight and 45.5% of the obese group were hypercholesterolemic (TC>220mg/dL). The 
HDL level did not meet the cardioprotective (>45mg/dL) level for 29% of the overweight 
and 54.5% of the obese patients.  
So, the analysis of the glucose and lipid markers only shows an increased risk of 
atherosclerotic events for some of the patients in the obese and overweight groups but does 
not allow identifying the mechanism involved in the potential endothelial lesions. 
Since the discovery of adiponectin, numerous studies have supported the theory that 
adiponectin has similar action with insulin and increases the pancreatic hormone’ metabolic 
function, as well as its anti-atherogenic properties; animal studies also suggest that 
adiponectin may exert a protective role in vascular homeostasis. In humans, plasma levels of 
adiponectin are negatively correlated with adiposity, and decreased plasma adiponectin 
levels are also observed in patients with diabetes, as well as in subjects with diseases caused 
by impairment of the endothelial function. Since adiponectin is secreted exclusively from 

adipose cells, deregulation of adiponectin synthesis and action may provide a link between 
obesity, insulin resistance, diabetes, vascular complications of diabetes and atherosclerosis 
(Arita et al, 1999, Hotta et al, 2000, Iwashima et al, 2004, Ouchi et al, 2000). So adiponectin, as 
well as the endothelial derived relaxing factor (NO), have anti-atherogenic properties. The 
imbalance of these two markers caused by the weight increase is associated with a general 
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impairment of the vascular function and with a loss of the glycemic, lipid and lipoproteic 
control.  
Statistical analysis of the recorded data revealed that the adiponectin level was significantly 
lower at overweight (p=0.001) and obese patients (p=0.001) compared to controls (fig 1).  
 
 

 

 
Fig. 1. Dynamics of adiponectin in correlation with the BMI of the studied patients 

The nitrite level also decreased inversely correlated with the body mass index of the 
patients. Our data showing that the synthesis of NO at the endothelial level decreases from 
lean subjects to the overweight and obese ones might be also explained by the results of 
Chen et all (2003), which proved that adiponectin stimulates the NO production at the 
endothelial level (fig 2). 
 
 
 

 
Fig. 2. The NO stable end products level in correlation with the BMI of the studied patients 

For all the patients included in the study our results showed a significant, positive 
correlation between the adiponectin level and the NO stable end products (fig 3). This type 
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The E-selectin level was similar in the overweight and obese groups but was significantly 
higher (p<0.001) compared to lean controls (fig 5). According to literature data, adhesion 
molecules of the selectin family are poorly expressed by the resting endothelium and are 
upregulated during atherogenesis, acute infections and granulomatous diseases. Thus, 
endothelial adhesion molecules are a result of both acute responses against pathogens and 
chronic inflammatory processes, such as those leading to progressive formation of 
atherosclerotic plaques (Ferri, 1998, Monaco, 2009). The elevated plasma levels of soluble 
endothelial adhesins might constitute indexes of increased adhesion molecule expression by 
the intact vascular endothelium in vivo. The results showing high levels of E-selectin in 
overweight and obese patients suggest that an early endothelial activation might be present 
in correlation with the weight increase, favoring the development of overt vascular lesions. 
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impairment of the vascular function and with a loss of the glycemic, lipid and lipoproteic 
control.  
Statistical analysis of the recorded data revealed that the adiponectin level was significantly 
lower at overweight (p=0.001) and obese patients (p=0.001) compared to controls (fig 1).  
 
 

 

 
Fig. 1. Dynamics of adiponectin in correlation with the BMI of the studied patients 

The nitrite level also decreased inversely correlated with the body mass index of the 
patients. Our data showing that the synthesis of NO at the endothelial level decreases from 
lean subjects to the overweight and obese ones might be also explained by the results of 
Chen et all (2003), which proved that adiponectin stimulates the NO production at the 
endothelial level (fig 2). 
 
 
 

 
Fig. 2. The NO stable end products level in correlation with the BMI of the studied patients 

For all the patients included in the study our results showed a significant, positive 
correlation between the adiponectin level and the NO stable end products (fig 3). This type 
of correlation also supports the theory that there is a regulatory mechanism between 
adiponectin and NO synthesis.  

 
Inflammatory Markers Associated with Chronic Hyperglycemia and Insulin Resistance 

 

95 

 
Fig. 3. The correlation between the NO stable end products and the plasma adiponectin level 
for the study group 

The IL6 and hsCRP levels increased significantly at overweight and obese patients, in 
correlation with the BMI (fig 4). The increase was significant for the obese patients, in the 
case of both parameters and not significant for both parameters in overweight patients, 
compared to controls.  
 

 
Fig. 4. IL6 and hsCRP levels for the studied groups 

The E-selectin level was similar in the overweight and obese groups but was significantly 
higher (p<0.001) compared to lean controls (fig 5). According to literature data, adhesion 
molecules of the selectin family are poorly expressed by the resting endothelium and are 
upregulated during atherogenesis, acute infections and granulomatous diseases. Thus, 
endothelial adhesion molecules are a result of both acute responses against pathogens and 
chronic inflammatory processes, such as those leading to progressive formation of 
atherosclerotic plaques (Ferri, 1998, Monaco, 2009). The elevated plasma levels of soluble 
endothelial adhesins might constitute indexes of increased adhesion molecule expression by 
the intact vascular endothelium in vivo. The results showing high levels of E-selectin in 
overweight and obese patients suggest that an early endothelial activation might be present 
in correlation with the weight increase, favoring the development of overt vascular lesions. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

96

So, the vascular endothelium from obese patients releases endothelium-derived substances 
that can constitute markers of endothelial damage, such as E-selectin.  
 

 
Fig. 5. E-selectin dynamics for the studied groups 

The term “insulin resistance” as it is used in clinical and experimental settings refers to the 
inability of insulin to promote the normal homeostasis of glucose. That means that the 
reduced insulin action demands the presence of higher-than-normal concentrations of 
insulin in order to maintain a normal utilization of glucose by insulin target tissues. Thus, 
the term “insulin resistance” implies the existence of metabolic insulin resistance, which 
reflects an inadequate effect of insulin on glucose metabolism, but does not address other 
aspects of insulin action (Low Wang, 2004). Many investigators have studied simple 
surrogate indices of insulin resistance in comparison with the index assessed by euglycemic-
hyperinsulinemic clamp. It has been established that homeostasis model assessment of 
insulin resistance HOMA-IR is a useful index of insulin resistance in diabetic and 
nondiabetic subjects and that its logarithmic transformation or its reciprocal value might 
make it more accurate (Mather et al, 2001, Yokoyama et al, 2003).  
The HOMA model allows the evaluation of an insulin resistance index (HOMA-IR) and also 
of an index for the β-cell function (HOMA-B). These two parameters estimate the deficiency 
of the pancreatic β-cells based on a mathematical model that takes into account the 
interrelation (by negative feed-back) between glucose and insulin under normal metabolic 
control. This interrelation involves both the secretion of the pancreatic hormone and the 
hypoglycemic insulin action on target tissues. According to this model, the relationship 
between glucose and insulin, in the basal state, reflects the balance between hepatic glucose 
output and insulin secretion, which is maintained by a feedback loop between the liver and 
β-cells (Wallace, 2004, Rutter, 2008). Quicki is also defined as a result of the in vivo 
interaction between glucose and insulin in fasting conditions and, according to some 
investigators, reflects even better than HOMA, the variations of the insulin sensitivity of 
target tissues.  
The literature data does not define reference values for HOMA and for Quicki parameters; 
clinical studies show that Quicki and 1/HOMA-IR are significantly lower in obese people 
compared to healthy subjects (Mather et al, 2001, Yokoyama et al, 2003). For the studied 
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patients we evaluated HOMA-IR and HOMA-B, the reciprocal value of HOMA-IR and 
Quicki (fig 6 and 7). 
 

 
Fig. 6. The insulin as well as HOMA-IR and Quicki parameters for the studied groups 

 

 
Fig. 7. The HOMA-B parameter for the three study groups 

The increase of the insulin level is significant for the obese patients compared to controls. 
HOMA-IR and Quicki varied significantly in both overweight and obese subjects compared 
to controls. The insulin level and the insulin resistance index HOMA-IR increase from the 
control group to the overweight and significantly to the obese patients. So, in obese patients 
a significantly higher amount of insulin is necessary in order to maintain the normal fasting 
plasma glucose level; the weight increase might prevent the insulin, even if it’s secreted in 
higher quantity, from exerting its action at the target tissues’ level. 
In table 2 we present the values obtained for the reciprocal values and the logarithmic 
values of HOMA-IR, respectively.  
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Evaluated parameters Control group Overweight group Obese group 
Insulin (μUI/mL) 5.73±1.23 5.93±1.65 8.17±4.51** 
1/HOMA-IR 0.86±0.17 0.68±0.28* 0.50±0.34** 
Log(HOMA-IR) 0.103±0.07 0.24±0.22* 0.46±0.33** 

Table 2. The values for 1/HOMA-IR and log (HOMA-IR) for the studied patients 

The test used for the evaluation of the insulin resistance/sensitivity phenomena are 
significantly different both for overweight and obese patients compared to controls. Only 
the fasting level of insulin does not indicate the degree of insulin resistance. So, the 
calculated parameters show more precisely than the insulin evaluation the risk of secondary 
health issues associated with the body mass increase. These changes are revealed starting 
from the overweight stage and not from the obese stage, as it is the case with insulin.  
All the indexes used for the evaluation of insulin resistance/β-cell function are significantly 
different for both overweight and obese patients compared to controls.  
For the studied patients, the decrease of the adiponectin level was correlated with an 
increase of HOMA-IR. The IL6 and hsCRP levels increased significantly in correlation with 
HOMA-IR (fig 8). 
 

 
Fig. 8. Correlation of the IL6 level with HOMA-IR 

IL6 production is increased in human obesity and the increase is correlated with an increase 
of the insulin resistance. IL6 can serve as a direct link between adipose tissue and insulin 
resistance. 
The American Diabetes Association defines pre-diabetes by levels of fasting plasma glucose 
(FPG) between 100 and 125 mg/dL. Analyzing the dynamics of insulin resistance 
parameters in the group of selected patients in correlation with the fasting plasma glucose 
level, we obtained the values presented in table 3.  
The analysis of the data depending both on the BMI and the fasting plasma glucose, shows 
that all of the parameters defined for the evaluation of insulin resistance and beta cell 
function increase significantly in the groups with FPG>125mg/dL, independently of their 
BMI. The control group and the overweight and obese groups with FPG<100mg/dL had 
similar values of the evaluated parameters (fig 9). 
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Evaluated parameters Overweight group Obese group 
FPG<100mg/dL FPG>125mg/dL FPG<100mg/dL FPG>125mg/dL 

Insulin (μUI/mL) 5.68±0.81 6.72±2.79 5.53±1.30 10.22±5.29 
HOMA-IR 1.22±0.21 3.55±1.63 1.26±0.35 5.58±2.78 
1/HOMA-IR 0.85±0.17 0.35±0.18 0.84±0.20 0.22±0.10 
Log(HOMA-IR) 0.11±0.05 0.51±0.22 0.12±0.09 0.70±0.21 
HOMA-B 96.64±36.39 19.99±13.17 70.51±19.01 25.04±17.92 
Quicki 2.42±0.57 1.24±0.36 2.41±0.65 0.99±0.20 

Table 3. Parameters for the evaluation of beta cell function and insulin resistance in 
correlation with the fasting plasma glucose level 
 

 
Fig. 9. Parameters for the evaluation of insulin resistance/sensitivity for the control group 

The groups with FPG>125mg/dL, either overweight or obese showed significant increases 
of the parameters for the evaluation of insulin resistance or beta cell function compared to 
the control group. 
The same kind of dynamics was obtained for the IL6 levels, which increased in both 
overweight and obese groups with FPG>125mg/dL, compared to the FPG<110mg/dl 
corresponding sub-groups (fig 10). The differences were significant only for the obese 
subgroups, and not-significant for the overweight ones, compared to controls.  
 

 
Fig. 10. Interlukin 6 dynamics in the subgroups of patients, defined both according to their 
BMI and their fasting plasma glucose level 
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No significant differences were recorded between the sub-groups, regarding the E-selectin 
levels (fig 11).  
 

 
Fig. 11. E-selectin level for the sub-groups of patients, defined according both to their BMI 
and FPG  

4. Conclusions 
Our data revealed an impairment of the endothelial function expressed by both the decrease 
of the NO stable end products’ and the adiponectin level, in the overweight and obese 
groups. These results are in agreement with data from Chen et all (2003), which proved that 
adiponectin stimulates the NO production at the endothelial level. The synthesis of IL6 as 
well as the hsCRP plasma level was highly correlated with the body mass index, suggesting 
the involvement of inflammatory phenomena in the development of endothelial dysfunction 
associated with the weight gain and the insulin resistance. So, the evaluation of adiponectin 
as well as of the NOS activity might prove to be useful predictive markers of atherogenic 
disorders at overweight and obese patients. Interleukin 6 is one of the molecules that 
contribute to the amplifying of the inflammatory signal in patients with dismetabolic 
syndrome, taking part into the relationship between the adipose tissue, the liver and the 
endothelium.  
The current study demonstrates elevated plasma soluble adhesion molecule levels in weight 
increase patients with increased insulin resistance indexes, in spite of the absence of overt 
vascular damage. On the other hand, the increase of the E-selectin level, associated with the 
decrease synthesis of NO shows an activation of the endothelium, associated with the 
insulin resistance. We hypothesized that the early endothelial activation precedes the onset 
of overt vascular damage in obese patients and might be responsible for the increased 
release of E-selectin into the bloodstream. 
Since insulin resistance is frequently associated as predictor or pathogenic factor in different 
pathological conditions (type 2 diabetes mellitus, obesity, glucose intolerance, essential 
hypertension, polycystic ovary syndrome), it is important to have simple, accessible tools for 
the evaluation of insulin sensitivity of target tissues to the insulin action in humans. The 
euglycemic hyperinsulinemic clamp technique remains the reference method for 
quantifying the sensitivity to insulin action but it cannot be applied on a large scale or in the 
context of routine investigations. For this reason, alternative methods have been developed, 
including the HOMA model and the Quicki test.  
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Our results show that the above mentioned parameters vary significantly in correlation with 
both weight and glucose level in a group of Romanian subjects.  
The parameters for the evaluation of insulin resistance and beta cell function might be used 
in clinical studies in correlation with the level of fasting plasma glucose and not simply as 
indicators of the degree of insulin resistance in overweight and obese patients.  
Since inflammation is an important feature of hyperglycemia and insulin resistance, future 
therapy for these pathological conditions should focus not only on the reduction of the 
plasma glucose and/or the glycated hemoglobin levels but also on the decrease of the 
inflammatory markers, in order to protect the endothelium and to reduce the associated 
cardio-vascular risk.    
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1. Introduction 
Diabetes mellitus is a widespread metabolic disease characterized by hyperglycemia and 
associated with severe complications, including cardiovascular disease and dyslipidemia. 
The cardiovascular risk is considerably increased in diabetic patients, and novel 
cardioprotective strategies are sought that could target both diabetic and cardiovascular 
outcomes. L-carnitine is a conditionally essential amino acid that plays an important role in 
cellular energy metabolism. Initial pharmacological studies suggest that preconditioning-
like manipulation of substrate metabolism through the regulation of L-carnitine homeostasis 
could be an effective approach for the prevention of myocardial infarction and the treatment 
of heart failure, especially for patients with type 2 diabetes. Contradictory data exist 
concerning the pharmacological outcomes of L-carnitine treatment. It is known that L-
carnitine supplementation is beneficial and increases overall glucose utilisation in animals 
and humans.  
Interestingly, a state of limited L-carnitine availability also induces compensatory 
mechanisms that alter the pathways of energy metabolism. In some experimental studies, a 
decrease in L-carnitine concentration was achieved by the administration of 3-(2,2,2-
trimethylhydrazinium)-propionate (mildronate). In addition to its cardioprotective and anti-
atherosclerotic effects, it was shown recently that mildronate, by decreasing L-carnitine 
concentration, decreases fed and fasted blood glucose concentrations and prevents diabetic 
complications in an experimental model of type 2 diabetes, Goto-Kakizaki (GK) rats, and an 
obesity model using Zucker rats. Recently presented mildronate-induced gene expression 
profiles suggest the peroxisome proliferator-activated receptors (PPARs) as possible nuclear 
factors underlying the effects of mildronate and decreased L-carnitine availability on FA 
metabolism. The effects of mildronate might depend on dosing and the length of treatment, 
which could differentially compensate for the decreased L-carnitine availability and thereby 
inhibit FA metabolism by activating glucose utilisation. Thus, it is possible that a limited 
availability of tissue L-carnitine might improve the metabolic flexibility of muscle tissues 
and enhance the preconditioning-like adaptive responses.  

2. Effects of L-carnitine 
L-carnitine is a conditionally essential amino acid that plays an important role in cellular 
energy metabolism. In heart and skeletal muscle, L-carnitine aids the translocation of long-
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chain FA into the mitochondria for subsequent beta-oxidation, which is a major energy 
source in muscle cells. L-carnitine is absorbed from dietary products and biosynthesised 
from lysine and methionine; its excretion is efficiently regulated by renal re-absorption. The 
physiological range of L-carnitine concentrations in various tissues is maintained by 
complex transporter systems. 

2.1 L-carnitine in pathways of energy metabolism 
The homeostasis of cellular energy metabolism relies on the availability of two major 
sources of substrates: FA and carbohydrates. Through catabolic processes, both substrates 
provide a metabolite, acetyl coenzyme A (acetyl-CoA), which further undergoes oxidation 
in the mitochondrial machinery to provide cellular metabolism with adenosine-5'-
triphosphate (ATP) molecules, the "molecular unit of currency" of intracellular energy 
transfer (Koves et al., 2008a). The role of L-carnitine in regulating cellular energy 
metabolism is schematically summarised in Fig. 1. First, L-carnitine is a substrate of the 
enzyme L-carnitine palmitoyltransferase-1 (CPT I), which catalyses the rate-limiting reaction 
in the transfer of FA into the mitochondria (Kuhajda et al., 2007). The key mechanism for 
regulation of CPT I activity is allosteric inhibition by malonyl CoA (Cuthbert et al., 2005). 
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Fig. 1. The cellular pathways of energy metabolism 

In the CPT I-catalysed reaction, L-carnitine and acyl-CoA-activated long-chain FA interact to 
form long-chain acyl-L-carnitine esters that are then shuttled across the mitochondrial 
membranes by L-carnitine/acyl-L-carnitine translocase (CACT) (Bremer, 1983). Inside the 
mitochondrial matrix, acyl-L-carnitine is converted back to L-carnitine and long-chain FA by 
the enzyme CPT II. Thus, L-carnitine aids the import of long-chain FA to the mitochondria 
for β-oxidation, which is the major provider of energy for muscle cells.  
In addition to its role in FA transport pathways, L-carnitine is also involved in the export of 
acetyl groups out of the mitochondria (Stephens et al., 2007). In the mitochondrial matrix, 
lumen of the endoplasmic reticulum and peroxisomes, L-carnitine acetyltransferase (CrAT; 
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EC 2.3.1.7) catalyses the reversible transfer of acetyl groups between acetyl-CoA and L-
carnitine (Ramsay et al., 2001). By catalysing its reaction in a reversible manner, CrAT 
regulates the cellular pool of CoA, which serves as a carrier of activated acetyl groups in the 
oxidation of energy metabolism substrates and in the synthesis of FA and lipids (Ramsay et 
al., 2001). Glucose metabolism pathways are also regulated through the homeostasis of the 
ratio of acetyl-CoA/CoA. An increase in this ratio is sensed by pyruvate dehydrogenase 
kinase, which phosphorylates and thereby leads to the inhibition of the pyruvate 
dehydrogenase complex (PDC), the key rate-limiting step in carbohydrate oxidation 
(Lopaschuk, 2001; Rebouche, 2004), with L-carnitine being a pivotal regulator of these 
pathways. For example, during high-intensity exercise, L-carnitine enters the CrAT-
catalysed reaction and buffers the excess acetyl groups formed. As a result, a pool of free 
CoA is maintained for the continuation of the PDC and citric acid cycle reactions (Stephens 
et al., 2007). It can be concluded that L-carnitine is important for the regulation of both long-
chain FA and carbohydrate metabolism. L-carnitine-dependent pathways are strongly 
involved in the regulation of the adaptive responses related to the overall homeostasis of 
cellular energy metabolism. 

2.2 The bioavailability of L-carnitine 
The homeostasis of L-carnitine (Fig. 2) is maintained through biosynthesis, efficient 
reabsorption in the kidneys and food intake, particularly from meat and dairy products 
(Rebouche, 2004). The physiological range of different L-carnitine concentrations in various 
tissues is maintained by complex transporter systems (Ramsay et al., 2001). The biosynthesis 
of L-carnitine from the amino acids lysine and methionine proceeds in the liver, kidney and 
testis, with γ-butyrobetaine (GBB) being an intermediate precursor (Bieber, 1988). It has 
been estimated that in the case of a non-vegetarian diet, only about 25% of the necessary L-
carnitine is biosynthesised, and 75% is ingested from food (Longo et al., 2006). Interestingly, 
the blood plasma concentration in women is about 20% lower than in men (Cederblad, 
1976). Additionally, in vegetarians, the L-carnitine concentration in the blood serum is 20-
30% lower than that in the reference population (Delanghe et al., 1989). 
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chain FA into the mitochondria for subsequent beta-oxidation, which is a major energy 
source in muscle cells. L-carnitine is absorbed from dietary products and biosynthesised 
from lysine and methionine; its excretion is efficiently regulated by renal re-absorption. The 
physiological range of L-carnitine concentrations in various tissues is maintained by 
complex transporter systems. 
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in the transfer of FA into the mitochondria (Kuhajda et al., 2007). The key mechanism for 
regulation of CPT I activity is allosteric inhibition by malonyl CoA (Cuthbert et al., 2005). 
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In the CPT I-catalysed reaction, L-carnitine and acyl-CoA-activated long-chain FA interact to 
form long-chain acyl-L-carnitine esters that are then shuttled across the mitochondrial 
membranes by L-carnitine/acyl-L-carnitine translocase (CACT) (Bremer, 1983). Inside the 
mitochondrial matrix, acyl-L-carnitine is converted back to L-carnitine and long-chain FA by 
the enzyme CPT II. Thus, L-carnitine aids the import of long-chain FA to the mitochondria 
for β-oxidation, which is the major provider of energy for muscle cells.  
In addition to its role in FA transport pathways, L-carnitine is also involved in the export of 
acetyl groups out of the mitochondria (Stephens et al., 2007). In the mitochondrial matrix, 
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regulates the cellular pool of CoA, which serves as a carrier of activated acetyl groups in the 
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al., 2001). Glucose metabolism pathways are also regulated through the homeostasis of the 
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kinase, which phosphorylates and thereby leads to the inhibition of the pyruvate 
dehydrogenase complex (PDC), the key rate-limiting step in carbohydrate oxidation 
(Lopaschuk, 2001; Rebouche, 2004), with L-carnitine being a pivotal regulator of these 
pathways. For example, during high-intensity exercise, L-carnitine enters the CrAT-
catalysed reaction and buffers the excess acetyl groups formed. As a result, a pool of free 
CoA is maintained for the continuation of the PDC and citric acid cycle reactions (Stephens 
et al., 2007). It can be concluded that L-carnitine is important for the regulation of both long-
chain FA and carbohydrate metabolism. L-carnitine-dependent pathways are strongly 
involved in the regulation of the adaptive responses related to the overall homeostasis of 
cellular energy metabolism. 

2.2 The bioavailability of L-carnitine 
The homeostasis of L-carnitine (Fig. 2) is maintained through biosynthesis, efficient 
reabsorption in the kidneys and food intake, particularly from meat and dairy products 
(Rebouche, 2004). The physiological range of different L-carnitine concentrations in various 
tissues is maintained by complex transporter systems (Ramsay et al., 2001). The biosynthesis 
of L-carnitine from the amino acids lysine and methionine proceeds in the liver, kidney and 
testis, with γ-butyrobetaine (GBB) being an intermediate precursor (Bieber, 1988). It has 
been estimated that in the case of a non-vegetarian diet, only about 25% of the necessary L-
carnitine is biosynthesised, and 75% is ingested from food (Longo et al., 2006). Interestingly, 
the blood plasma concentration in women is about 20% lower than in men (Cederblad, 
1976). Additionally, in vegetarians, the L-carnitine concentration in the blood serum is 20-
30% lower than that in the reference population (Delanghe et al., 1989). 
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After oral intake, the absorption of L-carnitine proceeds by active transport and passive 
diffusion (Ramsay et al., 2001). It has been shown experimentally that the absolute 
bioavailability of L-carnitine after a peroral dose of 1-6 g was only 5-18%, while the intake of 
L-carnitine by food resulted in an absorption of up to 75% (Evans et al., 2003). When the 
peroral dose was higher than 6 g, a specific smell was noted, possibly due to an increased 
concentration of trimethylamine in sweat (Hathcock et al., 2006).  
Interestingly, the L-carnitine concentration that is required to support long-chain FA 
oxidation spans a wide range among different tissues of the same species and in the same 
tissue across species (Long et al., 1982; McGarry et al., 1983) because different tissues express 
different isoforms of CPT I, which are, in turn, differentially sensitive to L-carnitine. For 
example, the rat isoforms of CPT I in the liver (CPT IA) and muscle (CPT IB) have Km 
values for L-carnitine of 30 and 500 μM, respectively (McGarry et al., 1983). In the heart, 
both CPT I isoforms, CPT IA and CPT IB, are present, and as a result, the average Km for L-
carnitine in the heart is 200 μM (McGarry et al., 1983). Therefore, the liver is much less 
sensitive to lower L-carnitine concentrations than the muscles and the heart. Additionally, in 
cases of a reduced L-carnitine concentration, a compensatory increase in CPT I is observed 
(Uenaka et al., 1996). In a recent publication, it was demonstrated that systemic L-carnitine 
deficiency causes severe hypoglycaemia in mice (Kuwajima et al., 2007). Similarly, after 
treatment with sodium pivalate, glucose oxidation was increased in L-carnitine-deficient 
hearts (Broderick, 2006). Thus, the bioavailability of L-carnitine changes along with the 
amounts of its dietary intake, and its requirements could be different in different tissues, 
reflecting the energy needs under certain conditions. 

2.3 Effects of L-carnitine supplementation 
During the last decades, the intake of L-carnitine as a food supplement has become very 
popular even though scientific evidence of its efficacy is not always available. Undoubtedly, 
L-carnitine is effective for the treatment of inherited disorders related to functional 
anomalies in a specific organic cation/carnitine transporter (OCTN2), in drug-induced L-
carnitine deficiency and in cases of excessive excretion of L-carnitine because of renal 
tubular disorders and in patients on haemodialysis (Angelini et al., 2006; Fornasini et al., 
2007; Lheureux et al., 2005). The safety profile of L-carnitine allows its frequent use in 
cocktails of food additives that are aimed to increase the oxidation of FA to eliminate body 
fat and thus produce cosmetic effects. However, thus far, the body weight-reducing effect of 
L-carnitine supplementation has not been proven clinically (Saper et al., 2004). A similar 
situation is characteristic for the use of L-carnitine for improved physical activity. The 
ineffectiveness of L-carnitine might be related to its low bioavailability during normal 
homeostasis (Hathcock et al., 2006). As a result, additional L-carnitine does not reach the 
cellular mitochondria where it could bring about the desired effects and drive the processes 
of FA metabolism. Recent developments in the use of L-carnitine to stimulate the oxidation 
of FA are linked to novel approaches to increase the bioavailability of L-carnitine (Stephens 
et al., 2007). 
In addition to being an important cofactor for the L-carnitine mediated transport of long-
chain FA into the mitochondrial matrix, as a pharmacological agent, L-carnitine enhances 
the glycolytic processing of carbohydrates (Foster, 2004; Mingrone, 2004; Stephens et al., 
2007). The suggested mechanisms of pharmacological action of L-carnitine are increased 
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PDC activity, regulation of acetyl- and acyl-cellular trafficking and changes in the acetyl 
CoA/CoA ratio and expression of key glycolytic and gluconeogenic enzymes (Mingrone, 
2004; Uziel et al., 1988). L-carnitine also stimulates glucose oxidation in intact fatty acid-
perfused rat heart (Broderick, 2006). The beneficial effects of L-carnitine supplementation in 
animal models of diabetes also have been demonstrated (Malone et al., 1999; Malone et al., 
2006; Sena et al., 2008). L-carnitine supplementation is believed to be beneficial for diabetic 
patients (Mingrone, 2004). In type 2 diabetic patients, L-carnitine increases the amount of 
whole-body glucose utilisation and glucose oxidation (Capaldo et al., 1991; De et al., 1999). 
However, for use in the management of diabetic complications, L-carnitine is listed between 
antioxidants for which no established benefit has been found (Golbidi et al., 2011), and the 
effects of L-carnitine in healthy subjects or in type 2 diabetic patients are still controversial 
(Gonzalez-Ortiz et al., 2008). Nevertheless, additional intake of L-carnitine is recommended 
for diabetic patients with late complications (Poorabbas et al., 2007; Power et al., 2007).  
Because FA metabolism is the main source of energy for muscle cells, including 
cardiomyocytes, the effects of L-carnitine have been evaluated for the treatment of different 
cardiovascular diseases (Ferrari et al., 2004). The evidence for the cardioprotective 
effectiveness of L-carnitine is also not unambiguous. Treatment with L-carnitine was 
protective against ischemia-reperfusion injury (Cui et al., 2003), but another experimental 
study provided evidence that L-carnitine worsens ischemic injury under conditions where 
L-carnitine does not facilitate glucose metabolism (Diaz et al., 2008). For example, in the 
CEDIM 2 trial, L-carnitine therapy led to a reduction in early mortality without affecting the 
risk of death and heart failure at 6 months in patients with anterior acute myocardial 
infarction, resulting in a non-significant finding with respect to the primary end-point 
(Tarantini et al., 2006). 
Even though the clinical and experimental evidence for the effects of supplementary L-
carnitine intake are not always convincing, it is a very popular food additive due its safety 
profile, antioxidant-type activity and suggested effects on energy metabolism pathways. 

3. Metabolic consequences of pharmacologically decreased availability of L-
carnitine 
Mildronate (3-(2,2,2-trimethylhydrazinium)propionate dihydrate) (Fig. 3) represents the 
only pharmacological agent that effectively reduces L-carnitine concentration and in turn 
induces protective effects against diabetes and cardiovascular diseases. The mechanism of 
action of mildronate is believed to involve a decreased tissue concentration of L-carnitine 
(Dambrova et al., 2002), even though other possible interactions between mildronate and 
pathways of energy metabolism signalling cannot be excluded. 
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After oral intake, the absorption of L-carnitine proceeds by active transport and passive 
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bioavailability of L-carnitine after a peroral dose of 1-6 g was only 5-18%, while the intake of 
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Interestingly, the L-carnitine concentration that is required to support long-chain FA 
oxidation spans a wide range among different tissues of the same species and in the same 
tissue across species (Long et al., 1982; McGarry et al., 1983) because different tissues express 
different isoforms of CPT I, which are, in turn, differentially sensitive to L-carnitine. For 
example, the rat isoforms of CPT I in the liver (CPT IA) and muscle (CPT IB) have Km 
values for L-carnitine of 30 and 500 μM, respectively (McGarry et al., 1983). In the heart, 
both CPT I isoforms, CPT IA and CPT IB, are present, and as a result, the average Km for L-
carnitine in the heart is 200 μM (McGarry et al., 1983). Therefore, the liver is much less 
sensitive to lower L-carnitine concentrations than the muscles and the heart. Additionally, in 
cases of a reduced L-carnitine concentration, a compensatory increase in CPT I is observed 
(Uenaka et al., 1996). In a recent publication, it was demonstrated that systemic L-carnitine 
deficiency causes severe hypoglycaemia in mice (Kuwajima et al., 2007). Similarly, after 
treatment with sodium pivalate, glucose oxidation was increased in L-carnitine-deficient 
hearts (Broderick, 2006). Thus, the bioavailability of L-carnitine changes along with the 
amounts of its dietary intake, and its requirements could be different in different tissues, 
reflecting the energy needs under certain conditions. 

2.3 Effects of L-carnitine supplementation 
During the last decades, the intake of L-carnitine as a food supplement has become very 
popular even though scientific evidence of its efficacy is not always available. Undoubtedly, 
L-carnitine is effective for the treatment of inherited disorders related to functional 
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fat and thus produce cosmetic effects. However, thus far, the body weight-reducing effect of 
L-carnitine supplementation has not been proven clinically (Saper et al., 2004). A similar 
situation is characteristic for the use of L-carnitine for improved physical activity. The 
ineffectiveness of L-carnitine might be related to its low bioavailability during normal 
homeostasis (Hathcock et al., 2006). As a result, additional L-carnitine does not reach the 
cellular mitochondria where it could bring about the desired effects and drive the processes 
of FA metabolism. Recent developments in the use of L-carnitine to stimulate the oxidation 
of FA are linked to novel approaches to increase the bioavailability of L-carnitine (Stephens 
et al., 2007). 
In addition to being an important cofactor for the L-carnitine mediated transport of long-
chain FA into the mitochondrial matrix, as a pharmacological agent, L-carnitine enhances 
the glycolytic processing of carbohydrates (Foster, 2004; Mingrone, 2004; Stephens et al., 
2007). The suggested mechanisms of pharmacological action of L-carnitine are increased 
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PDC activity, regulation of acetyl- and acyl-cellular trafficking and changes in the acetyl 
CoA/CoA ratio and expression of key glycolytic and gluconeogenic enzymes (Mingrone, 
2004; Uziel et al., 1988). L-carnitine also stimulates glucose oxidation in intact fatty acid-
perfused rat heart (Broderick, 2006). The beneficial effects of L-carnitine supplementation in 
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patients (Mingrone, 2004). In type 2 diabetic patients, L-carnitine increases the amount of 
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However, for use in the management of diabetic complications, L-carnitine is listed between 
antioxidants for which no established benefit has been found (Golbidi et al., 2011), and the 
effects of L-carnitine in healthy subjects or in type 2 diabetic patients are still controversial 
(Gonzalez-Ortiz et al., 2008). Nevertheless, additional intake of L-carnitine is recommended 
for diabetic patients with late complications (Poorabbas et al., 2007; Power et al., 2007).  
Because FA metabolism is the main source of energy for muscle cells, including 
cardiomyocytes, the effects of L-carnitine have been evaluated for the treatment of different 
cardiovascular diseases (Ferrari et al., 2004). The evidence for the cardioprotective 
effectiveness of L-carnitine is also not unambiguous. Treatment with L-carnitine was 
protective against ischemia-reperfusion injury (Cui et al., 2003), but another experimental 
study provided evidence that L-carnitine worsens ischemic injury under conditions where 
L-carnitine does not facilitate glucose metabolism (Diaz et al., 2008). For example, in the 
CEDIM 2 trial, L-carnitine therapy led to a reduction in early mortality without affecting the 
risk of death and heart failure at 6 months in patients with anterior acute myocardial 
infarction, resulting in a non-significant finding with respect to the primary end-point 
(Tarantini et al., 2006). 
Even though the clinical and experimental evidence for the effects of supplementary L-
carnitine intake are not always convincing, it is a very popular food additive due its safety 
profile, antioxidant-type activity and suggested effects on energy metabolism pathways. 

3. Metabolic consequences of pharmacologically decreased availability of L-
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Mildronate (3-(2,2,2-trimethylhydrazinium)propionate dihydrate) (Fig. 3) represents the 
only pharmacological agent that effectively reduces L-carnitine concentration and in turn 
induces protective effects against diabetes and cardiovascular diseases. The mechanism of 
action of mildronate is believed to involve a decreased tissue concentration of L-carnitine 
(Dambrova et al., 2002), even though other possible interactions between mildronate and 
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3.1 Inhibitory effect of mildronate on L-carnitine content 
Mildronate is known to be an inhibitor of L-carnitine biosynthesis (Simkhovich et al., 1988), 
its transport into tissues and its reabsorption in the kidney (Kuwajima et al., 1999). The Ki 
for GBB hydroxylase enzyme inhibition by mildronate has been determined to be 19 μM 
(enzyme prepared as described by (Tars et al., 2010)). The EC50 for OCTN2 inhibition by 
mildronate was calculated to be 21 μM (Grube et al., 2006). At a dose of 100 mg/kg, the 
mildronate concentration in rat blood plasma reached 20 μM after a single administration; 
however, after 3 days of repeated administration, the mildronate concentration remained at 
20 μM even 24 h after the last administration (Liepinsh 2006). Mildronate is actively 
transported into tissues by OCTN2 (Grigat et al., 2009), and the mildronate concentration in 
liver and heart reaches 500-1000 μM (Liepinsh et al., 2009a). Thus, mildronate concentrations 
are able to completely inhibit L-carnitine biosynthesis and substantially decrease L-carnitine 
transport into tissues and reabsorption in the kidneys. As a result, mildronate (100 mg/kg) 
induces a significant reduction of the L-carnitine concentration in blood plasma and 
different tissues by 60-70% (Liepinsh et al., 2009a). In our recent human study, it was shown 
that mildronate also decreases L-carnitine concentrations by 20% in healthy human non-
vegetarian volunteers (Liepinsh et al., 2011a). A less-pronounced effect of mildronate on L-
carnitine content in humans could be explained by meat consumption, which is the most 
important source of L-carnitine (Rebouche, 2004). Compared to a human non-vegetarian 
diet, in standard laboratory animal feed, the content of L-carnitine is very low (unpublished 
data). Overall, after long-term treatment, the plasma concentration of mildronate reaches a 
level that is able to induce changes in the homeostasis of L-carnitine. However, it must be 
noted that to our knowledge, an acute mildronate treatment does not induce any metabolic 
or gene expression changes, and therefore, long-term treatment (at least 10-14 days) is 
necessary to achieve regulatory effects. In addition, all changes induced by mildronate are 
highly related to the decrease in the L-carnitine concentration in tissues. The modulation of 
L-carnitine pathways by mildronate then changes the activity of cellular enzymes and 
receptor systems in a manner that could maintain sufficient energy metabolism and induce 
adaptive-like changes. 
By inhibiting the biosynthesis of L-carnitine, mildronate increases the concentration of its 
substrate, γ-butyrobetaine (GBB, Fig. 3.), which is mostly known as a bio-precursor of L-
carnitine (Bremer, 1983). We have investigated the effects of mildronate administration (4-12 
weeks, 100 mg/kg) on both L-carnitine and GBB contents in rat plasma and tissues and have 
shown that in concert with a decrease in L-carnitine concentration, the administration of 
mildronate causes a significant increase in GBB concentration (Liepinsh et al., 2009a). There 
have been speculations regarding the cholinergic activity of GBB; however, only the methyl-
ester of GBB produces this activity (Dambrova et al., 2004). The physiological and 
pharmacological consequences of increased GBB concentration remain to be discovered. 

3.2 Metabolic changes in fatty acid metabolism 
3.2.1 The effects on CPT I and mitochondrial fatty acid metabolism 
Mildronate-decreased tissue L-carnitine concentrations induce changes in the energy 
metabolism pathways, especially in mitochondrial long-chain FA oxidation (Fig. 4). These 
changes are exclusively related to CPT I activity and FA transport into the mitochondria. If 
the L-carnitine content is lowered by mildronate treatment, a subsequent decrease in CPT I 
activity and a decreased CPT I-driven FA oxidation rate is observed (Kuka et al., 2011; 
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Simkhovich et al., 1988). Interestingly, due to the differences in L-carnitine content and the 
Km values of CPT I for L-carnitine, at least a 60-70% reduction in L-carnitine content in the 
heart is necessary to reduce CPT I-dependent long-chain FA transport and oxidation.  
Additionally, if the L-carnitine content is lowered significantly below the Km value of CPT I, 
a compensatory increase in CPT I expression is observed (Uenaka R 1996). After long-term 
mildronate treatment, a 2 to 2.5-fold increase in the expression of CPT IA and CPT IB was 
found in the heart and liver (Degrace et al., 2007; Liepinsh et al., 2008). However, the 
increase in CPT I protein expression cannot compensate for significantly reduced L-carnitine 
availability, and therefore, subsequent changes in metabolic pathways occur. Although the 
expression of CPT I after mildronate treatment is increased, the overall FA oxidation rate in 
mitochondria is decreased (Kuka, et al. 2011; Simkhovich et al., 1988).  
In a recent study, the effects of mildronate, L-carnitine and a combination of both substances 
on myocardial infarction were compared (Kuka et al., 2011). Mildronate treatment markedly 
decreased the L-carnitine concentration of the heart tissue and significantly decreased the 
infarct size. Administration of mildronate together with L-carnitine restored the L-carnitine 
concentration, and therefore, CPT I activity was similar to that in control samples; as a 
consequence, the infarct size was not reduced. Therefore, we conclude that the decrease of 
L-carnitine concentration is the main mechanism of action of mildronate, and this decrease 
is necessary to induce changes in cellular energy metabolism. 

3.2.2 The modulation of PPARs and fatty acid metabolism-related gene expression 
Peroxisome proliferator-activated receptors (PPARs) are central regulators of energy 
metabolism that mediate adaptive metabolic responses to increased systemic lipid 
availability following activation by the binding of endogenous or dietary lipids or lipid 
derivatives (Grimaldi, 2007; Sugden et al., 2009). Several genes that are induced by 
mildronate treatment, particularly CPT I (Degrace et al., 2007; Liepinsh et al., 2008), suggest 
PPARs as possible nuclear factors involved in the mildronate-induced effects on glucose and 
FA metabolism (Fig. 4). In a very recent study to elucidate the molecular mechanism of 
mildronate, PPAR-α and PPAR-γ nuclear content and the expression of glucose and FA 
metabolism genes were determined in obese Zucker rats (Liepinsh et al., 2011b). The hearts 
of obese Zucker rats had a significant impairment in the PPAR-α system, and the response 
to increased FA and triglyceride (TG) was disrupted. Thus, the expression of PPAR-α and its 
target genes in obese Zucker rat heart tissue was reduced compared to their expression in 
lean animals. Mildronate treatment restored the sensitivity of PPAR-α, which is manifested 
as significantly increased nuclear expression of PPAR-α in heart tissue and the expression of 
genes involved in FA metabolism. In cell culture, we found that mildronate and L-carnitine 
did not change PPAR activity in vitro. Thus, PPAR activation is instead induced as a result 
of a reduced FA oxidation rate and some FA accumulation. 
Interestingly, increased expression of FA metabolic genes, particularly CPT-I, did not 
compensate for a reduction in the L-carnitine content, and therefore, the CPT I-dependent 
FA oxidation rate in heart tissue was significantly reduced. However, PPAR-α activation 
also induces genes that are involved in intra-mitochondrial FA β-oxidation. Thus, 
mildronate treatment could stimulate mitochondrial β-oxidation of FA transported into the 
mitochondria by CPT I (mildronate induces partial reduction in CPT I activity) and 
carnitine-acylcarnitine transport system. This could be another mechanism to protect the 
mitochondria from lipid overload and the accumulation of FA in mitochondria. To test this 
hypothesis, mitochondrial respiration measurements were performed on energy substrates 
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3.1 Inhibitory effect of mildronate on L-carnitine content 
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transport into tissues and reabsorption in the kidneys. As a result, mildronate (100 mg/kg) 
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L-carnitine pathways by mildronate then changes the activity of cellular enzymes and 
receptor systems in a manner that could maintain sufficient energy metabolism and induce 
adaptive-like changes. 
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activity and a decreased CPT I-driven FA oxidation rate is observed (Kuka et al., 2011; 

 
The Regulation of Energy Metabolism Pathways Through L-Carnitine Homeostasis 

 

113 

Simkhovich et al., 1988). Interestingly, due to the differences in L-carnitine content and the 
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FA metabolism (Fig. 4). In a very recent study to elucidate the molecular mechanism of 
mildronate, PPAR-α and PPAR-γ nuclear content and the expression of glucose and FA 
metabolism genes were determined in obese Zucker rats (Liepinsh et al., 2011b). The hearts 
of obese Zucker rats had a significant impairment in the PPAR-α system, and the response 
to increased FA and triglyceride (TG) was disrupted. Thus, the expression of PPAR-α and its 
target genes in obese Zucker rat heart tissue was reduced compared to their expression in 
lean animals. Mildronate treatment restored the sensitivity of PPAR-α, which is manifested 
as significantly increased nuclear expression of PPAR-α in heart tissue and the expression of 
genes involved in FA metabolism. In cell culture, we found that mildronate and L-carnitine 
did not change PPAR activity in vitro. Thus, PPAR activation is instead induced as a result 
of a reduced FA oxidation rate and some FA accumulation. 
Interestingly, increased expression of FA metabolic genes, particularly CPT-I, did not 
compensate for a reduction in the L-carnitine content, and therefore, the CPT I-dependent 
FA oxidation rate in heart tissue was significantly reduced. However, PPAR-α activation 
also induces genes that are involved in intra-mitochondrial FA β-oxidation. Thus, 
mildronate treatment could stimulate mitochondrial β-oxidation of FA transported into the 
mitochondria by CPT I (mildronate induces partial reduction in CPT I activity) and 
carnitine-acylcarnitine transport system. This could be another mechanism to protect the 
mitochondria from lipid overload and the accumulation of FA in mitochondria. To test this 
hypothesis, mitochondrial respiration measurements were performed on energy substrates 
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like palmitoyl-CoA and palmitoyl-L-carnitine. CPT I-dependent mitochondrial oxidation of 
palmitoyl-CoA was reduced in mildronate-treated rat hearts, while palmitoyl-L-carnitine 
oxidation in mildronate-treated heart mitochondria was even faster than in the control 
group (unpublished data). In contrast, the expression of PPAR-α and target genes in the 
liver of obese Zucker rats was not significantly affected by treatment. The effects of 
mildronate on PPAR-γ and PPAR-δ and the expression of their target genes are rather 
unclear and should be clarified in future studies. In conclusion, mildronate-dependent gene 
expression is, to some extent, dependent on the activation of PPAR-α in heart tissue but not 
in liver tissue. 
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Fig. 4. The effects of pharmacologically decreased availability of L-carnitine on PPAR-α 
activity and fatty acid metabolism pathways. The red arrows indicate mildronate-induced 
changes; green arrows indicate stimulating effects of PPAR-α.  

3.2.3 Metabolic flexibility and protection against lipid overload 
Healthy subjects, depending on the availability of glucose or FA, are able to switch 
appropriately between the available energy substrates (Fig. 5A). At a postprandial state, the 
glucose and insulin concentrations are increased, and glucose oxidation dominates over FA 
oxidation.  In contrast, in a fasted state, the glucose concentration is significantly lower, and 
energy metabolism is switched to FA. As shown in Fig. 5B, in obese subjects, lipid overload 
induces a metabolic inflexibility that is characterised by the reduced ability of cells to 
appropriately move between energy metabolism substrates (Larsen et al., 2008). Thus, an 
increase in circulating lipids stimulates FA influx into the mitochondria (Koves et al., 2008b; 
Petersen et al., 2004). Then, the increased concentration of long-chain FA and intermediates 
of FA metabolism, in particular acetyl-CoA, mediates the inhibition of the PDC and CPT I 
activity and induces the impairment of the citric acid cycle and respiratory chain functions 
(Koves et al., 2008b; Wang et al., 2007). These changes result in a pathologically decreased 
oxidation rate of both glucose and FA and deteriorate the mitochondrial capacity to produce 
ATP (Kelley et al., 2002). Therefore, lipid overload-induced metabolic inflexibility and 
lipotoxicity is primarily associated with FA accumulation in the mitochondria. 
Mildronate treatment prevents lipid overload by decreasing the L-carnitine content in 
tissues and subsequently decreasing CPT I-mediated long-chain FA transport and 
pathological accumulation in the mitochondria (Asaka et al., 1998; Kirimoto et al., 1996). In 
obese Zucker rats, mildronate induced a moderate increase in the FA and TG 
concentrations, and it significantly improved insulin sensitivity and reduced blood glucose 
and insulin concentrations (Fig. 5C) (Liepinsh et al., 2011b). Thus, mildronate treatment, by 
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decreasing L-carnitine content, improves metabolic flexibility and adaptive responses to 
hyperglycaemia- and hyperlipidaemia-induced metabolic disturbances. 
 

 
Fig. 5. Metabolic flexibility, inflexibility and mildronate treatment induced protection 
against lipid overload.  

3.2.4 Comparison of mildronate to other inhibitors of fatty acid oxidation 
Different approaches are used to inhibit FA oxidation and to switch energy metabolism 
from FA to glucose oxidation (Table 1). The most similar to the mildronate mechanism of 
action is the direct inhibition of CPT I or targeting malonyl-CoA, which is a potent 
endogenous inhibitor of CPT I (Anderson et al., 1995; Cuthbert et al., 2005). Because CPT I is 
the rate-limiting enzyme in FA oxidation, the inhibition of CPT I is an effective way to 
achieve a decrease in the long-chain FA oxidation rate. Several irreversible and reversible 
inhibitors of CPT I, such as etmoxir and teglicar, were synthesised and tested experimentally 
(Table 1). A significant myocardial infarction-lowering effect for etmoxir was demonstrated; 
however, its toxicity strongly limits its usage in clinic. Teglicar, both in vitro and in animal 
models, reduces gluconeogenesis and improves glucose homeostasis (Table 1) (Conti et al., 
2011). Another approach is to inhibit malonyl-CoA decarboxylase, an enzyme that degrades 
malonyl-CoA to acetyl-CoA. The inhibition of this reaction by selective inhibitors leads to 
the accumulation of malonyl-CoA which inhibits CPT I and related FA oxidation. The 
inhibitors of CPT II have also been considered to be potentially useful for the treatment of 
type 2 diabetes (Rufer et al., 2009). Overall, the direct inhibition of CPT I or CPT II as well as 
an increase in malonyl-CoA and reduction in L-carnitine concentrations are similarly 
effective ways to target CPT I-dependent FA oxidation As a result, cardiac metabolism is 
switched from FA to glucose oxidation. 
In contrast, trimetazidine and ranolazine inhibit 3-ketoacyl coenzyme-A thiolase, which 
catalyses the last step in mitocondrial FA β-oxidation. A potential benefit offered by 
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like palmitoyl-CoA and palmitoyl-L-carnitine. CPT I-dependent mitochondrial oxidation of 
palmitoyl-CoA was reduced in mildronate-treated rat hearts, while palmitoyl-L-carnitine 
oxidation in mildronate-treated heart mitochondria was even faster than in the control 
group (unpublished data). In contrast, the expression of PPAR-α and target genes in the 
liver of obese Zucker rats was not significantly affected by treatment. The effects of 
mildronate on PPAR-γ and PPAR-δ and the expression of their target genes are rather 
unclear and should be clarified in future studies. In conclusion, mildronate-dependent gene 
expression is, to some extent, dependent on the activation of PPAR-α in heart tissue but not 
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3.2.3 Metabolic flexibility and protection against lipid overload 
Healthy subjects, depending on the availability of glucose or FA, are able to switch 
appropriately between the available energy substrates (Fig. 5A). At a postprandial state, the 
glucose and insulin concentrations are increased, and glucose oxidation dominates over FA 
oxidation.  In contrast, in a fasted state, the glucose concentration is significantly lower, and 
energy metabolism is switched to FA. As shown in Fig. 5B, in obese subjects, lipid overload 
induces a metabolic inflexibility that is characterised by the reduced ability of cells to 
appropriately move between energy metabolism substrates (Larsen et al., 2008). Thus, an 
increase in circulating lipids stimulates FA influx into the mitochondria (Koves et al., 2008b; 
Petersen et al., 2004). Then, the increased concentration of long-chain FA and intermediates 
of FA metabolism, in particular acetyl-CoA, mediates the inhibition of the PDC and CPT I 
activity and induces the impairment of the citric acid cycle and respiratory chain functions 
(Koves et al., 2008b; Wang et al., 2007). These changes result in a pathologically decreased 
oxidation rate of both glucose and FA and deteriorate the mitochondrial capacity to produce 
ATP (Kelley et al., 2002). Therefore, lipid overload-induced metabolic inflexibility and 
lipotoxicity is primarily associated with FA accumulation in the mitochondria. 
Mildronate treatment prevents lipid overload by decreasing the L-carnitine content in 
tissues and subsequently decreasing CPT I-mediated long-chain FA transport and 
pathological accumulation in the mitochondria (Asaka et al., 1998; Kirimoto et al., 1996). In 
obese Zucker rats, mildronate induced a moderate increase in the FA and TG 
concentrations, and it significantly improved insulin sensitivity and reduced blood glucose 
and insulin concentrations (Fig. 5C) (Liepinsh et al., 2011b). Thus, mildronate treatment, by 
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decreasing L-carnitine content, improves metabolic flexibility and adaptive responses to 
hyperglycaemia- and hyperlipidaemia-induced metabolic disturbances. 
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3.2.4 Comparison of mildronate to other inhibitors of fatty acid oxidation 
Different approaches are used to inhibit FA oxidation and to switch energy metabolism 
from FA to glucose oxidation (Table 1). The most similar to the mildronate mechanism of 
action is the direct inhibition of CPT I or targeting malonyl-CoA, which is a potent 
endogenous inhibitor of CPT I (Anderson et al., 1995; Cuthbert et al., 2005). Because CPT I is 
the rate-limiting enzyme in FA oxidation, the inhibition of CPT I is an effective way to 
achieve a decrease in the long-chain FA oxidation rate. Several irreversible and reversible 
inhibitors of CPT I, such as etmoxir and teglicar, were synthesised and tested experimentally 
(Table 1). A significant myocardial infarction-lowering effect for etmoxir was demonstrated; 
however, its toxicity strongly limits its usage in clinic. Teglicar, both in vitro and in animal 
models, reduces gluconeogenesis and improves glucose homeostasis (Table 1) (Conti et al., 
2011). Another approach is to inhibit malonyl-CoA decarboxylase, an enzyme that degrades 
malonyl-CoA to acetyl-CoA. The inhibition of this reaction by selective inhibitors leads to 
the accumulation of malonyl-CoA which inhibits CPT I and related FA oxidation. The 
inhibitors of CPT II have also been considered to be potentially useful for the treatment of 
type 2 diabetes (Rufer et al., 2009). Overall, the direct inhibition of CPT I or CPT II as well as 
an increase in malonyl-CoA and reduction in L-carnitine concentrations are similarly 
effective ways to target CPT I-dependent FA oxidation As a result, cardiac metabolism is 
switched from FA to glucose oxidation. 
In contrast, trimetazidine and ranolazine inhibit 3-ketoacyl coenzyme-A thiolase, which 
catalyses the last step in mitocondrial FA β-oxidation. A potential benefit offered by 
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trimetazidine and ranolazine in myocardial dysfunction is the ability to increase the 
utilisation of glucose and lactate, improving oxygen consumption of the myocardium. 
Overall, free FA inhibitors effectively act as metabolic modulators in the protection of 
ischemic myocardium both in non-diabetic and diabetic subjects. 
 

Name Mechanism of 
action 

Effect on 
myocardial 
infarction 

Effect on 
blood 

glucose 
metabolism

Benefit against 
diabetes 

complications 
Literature 

Mildronate 

Lowered L-
carnitine conc. 
and CPT I 
dependent FA 
oxidation 

↓ ↑ + 

(Liepinsh 
et al., 
2009b; Sesti 
et al., 2006) 

Trimetazidine 

Inhibition of 3-
KAT in 
mitochondrial 
FA β-oxidation 

↓ ↑ + 

(Monti et 
al., 2006; 
Mouquet et 
al., 2010) 

Ranolazine 

Inhibition of 3-
KAT in 
mitochondrial 
FA β-oxidation 

↓ ↑ + 

(Hale et al., 
2008; 
Morrow et 
al., 2009) 

Etmoxir 

Inhibition of CPT 
I and dependent 
FA oxidation 

↓ 
 ↑ ? 

(Gunther et 
al., 2000; 
Wolf et al., 
1988) 

Teglicar 

Inhibition of 
liver CPT IA and 
dependent FA 
oxidation 

? ↑ ? 

(Conti et al., 
2011) 

3-KAT – 3-ketoacyl coenzyme-A thiolase, FA – fatty acids, CPT I – L-carnitine palmitoyl transferase, ↑ – 
stimulate, ↓ – decrease, + – beneficial effect, ? – under investigation. 

Table 1. Comparison of mildronate to other inhibitors of fatty acid oxidation.  

3.3 Metabolic changes in glucose metabolism 
3.3.1 Switch to glucose metabolism 
It is generally accepted that better survival of ischemic myocardium cells can be achieved by 
stimulating glucose oxidation, either directly or secondarily, to partially inhibited FA 
oxidation (Lopaschuk, 2001). The beneficial effects of metabolic modulators in cardiac tissue 
are based on the increased efficiency of the obtained ATP per mole of oxygen for glucose 
oxidation compared to FA oxidation and, more importantly, the increased coupling of 
glycolysis to glucose oxidation resulting in a net reduction of the proton burden in the 
ischemic tissue (Schofield et al., 2001; Taegtmeyer et al., 1998). Moreover, insulin resistance 
and lowered glucose uptake and oxidation have been associated with the progression of 
cardiovascular pathologies such as coronary heart disease and heart failure (Kamalesh, 2007; 
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Taegtmeyer et al., 1998). A shift of the energy substrate preference from FA oxidation to 
glucose oxidation was suggested as a basis for the cardioprotective effects of mildronate 
long before it was demonstrated experimentally (Asaka et al., 1998; Dambrova et al., 2002). 
Indeed, the reduction of L-carnitine content by mildronate treatment leads to a decrease in 
the CPT I-dependent FA oxidation rate in mitochondria, and in turn, due to a Randle cycle, 
a substantial increase is expected in the rate of glucose uptake, as was found in mouse hearts 
after mildronate treatment (Liepinsh et al., 2008). Thus, in cases of partially decreased FA 
oxidation, changes in glucose metabolism could play a compensatory role. In contrast to 
mouse and diabetic rat models, where a significant blood glucose-lowering effect was 
observed, the glucose concentration was not significantly decreased in rats treated with 
mildronate at doses up to 400 mg/kg (Liepinsh et al., 2009a). These results suggest that 
mildronate treatment does not directly stimulate but rather facilitates glucose metabolism 
and that the effect of mildronate strongly depends on substrate availability and energy 
requirements. 

3.3.2 Effects on insulin signalling 
Insulin is the major regulator of glucose homeostasis in the body. The insulin signalling 
pathway is responsible for controlling substrate preference in the heart, muscles and 
adipose tissues. Insulin stimulates myocardial glucose uptake and accelerates glucose 
oxidation (Benecke et al., 1993). Both in non-diabetic and diabetic animals, mildronate 
treatment significantly facilitates insulin-dependent glucose uptake and metabolism (Fig. 6). 
At the same time, mildronate, which decreases the blood glucose concentration in mice and 
diabetic rats, usually does not affect plasma insulin and C-peptide levels (Liepinsh et al., 
2008; Liepinsh et al., 2009b). In addition, in study in Zucker rats mildronate along with 
decrease in glucose concentration also decreased pathologically elevated insulin 
concentration in fed Zucker rats (Liepinsh et al., 2011b). Moreover, mildronate induces a 
statistically significant 35% increase in insulin-stimulated glucose uptake in isolated mouse 
hearts (Liepinsh et al., 2008). Mildronate action could be explained by specific insulin 
pathway-related gene expression. During insulin-stimulated conditions, glucose transport 
by GLUT 4 is the rate-limiting step for glucose uptake in muscles and the heart. In 
genetically manipulated mice overexpressing GLUT 4, improvement in both glucose 
tolerance and insulin action were noted (Hansen et al., 1995). Mildronate treatment induces 
an increase in GLUT 4 protein expression in heart tissues, which explains the increase in 
insulin-stimulated glucose uptake. 
The important intracellular regulators of aerobic oxidation of glucose are the enzymes of the 
PDC, which links the glycolysis metabolic pathway to the mitochondrial citric acid cycle 
(Fig. 6). A significant 2-fold increase in the expression of both PDC enzymes, E1/E2, in 
mildronate-treated mouse hearts compared with non-treated controls was observed. In 
addition, in several studies, a decrease in lactate concentration in ischemic hearts of 
mildronate-treated animals has been noted, which indicates that long-term mildronate 
treatment not only facilitates glucose uptake but also enhances the aerobic oxidation of 
glucose (Asaka et al., 1998; Hayashi et al., 2000b; Liepinsh et al., 2011b). Besides the direct 
effects of insulin on glucose homeostasis, stimulation of the insulin receptor leads to the 
activation of signalling pathways such as the phosphatidylinositol-3-kinase and the 
mitogen-activated protein kinase cascades, which are involved in cardioprotection from 
reperfusion injury (Jonassen et al., 2001; Youngren, 2007). Overall, the observed increase of 
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trimetazidine and ranolazine in myocardial dysfunction is the ability to increase the 
utilisation of glucose and lactate, improving oxygen consumption of the myocardium. 
Overall, free FA inhibitors effectively act as metabolic modulators in the protection of 
ischemic myocardium both in non-diabetic and diabetic subjects. 
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blood 
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complications 
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oxidation 
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Wolf et al., 
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liver CPT IA and 
dependent FA 
oxidation 
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(Conti et al., 
2011) 

3-KAT – 3-ketoacyl coenzyme-A thiolase, FA – fatty acids, CPT I – L-carnitine palmitoyl transferase, ↑ – 
stimulate, ↓ – decrease, + – beneficial effect, ? – under investigation. 

Table 1. Comparison of mildronate to other inhibitors of fatty acid oxidation.  

3.3 Metabolic changes in glucose metabolism 
3.3.1 Switch to glucose metabolism 
It is generally accepted that better survival of ischemic myocardium cells can be achieved by 
stimulating glucose oxidation, either directly or secondarily, to partially inhibited FA 
oxidation (Lopaschuk, 2001). The beneficial effects of metabolic modulators in cardiac tissue 
are based on the increased efficiency of the obtained ATP per mole of oxygen for glucose 
oxidation compared to FA oxidation and, more importantly, the increased coupling of 
glycolysis to glucose oxidation resulting in a net reduction of the proton burden in the 
ischemic tissue (Schofield et al., 2001; Taegtmeyer et al., 1998). Moreover, insulin resistance 
and lowered glucose uptake and oxidation have been associated with the progression of 
cardiovascular pathologies such as coronary heart disease and heart failure (Kamalesh, 2007; 
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Taegtmeyer et al., 1998). A shift of the energy substrate preference from FA oxidation to 
glucose oxidation was suggested as a basis for the cardioprotective effects of mildronate 
long before it was demonstrated experimentally (Asaka et al., 1998; Dambrova et al., 2002). 
Indeed, the reduction of L-carnitine content by mildronate treatment leads to a decrease in 
the CPT I-dependent FA oxidation rate in mitochondria, and in turn, due to a Randle cycle, 
a substantial increase is expected in the rate of glucose uptake, as was found in mouse hearts 
after mildronate treatment (Liepinsh et al., 2008). Thus, in cases of partially decreased FA 
oxidation, changes in glucose metabolism could play a compensatory role. In contrast to 
mouse and diabetic rat models, where a significant blood glucose-lowering effect was 
observed, the glucose concentration was not significantly decreased in rats treated with 
mildronate at doses up to 400 mg/kg (Liepinsh et al., 2009a). These results suggest that 
mildronate treatment does not directly stimulate but rather facilitates glucose metabolism 
and that the effect of mildronate strongly depends on substrate availability and energy 
requirements. 

3.3.2 Effects on insulin signalling 
Insulin is the major regulator of glucose homeostasis in the body. The insulin signalling 
pathway is responsible for controlling substrate preference in the heart, muscles and 
adipose tissues. Insulin stimulates myocardial glucose uptake and accelerates glucose 
oxidation (Benecke et al., 1993). Both in non-diabetic and diabetic animals, mildronate 
treatment significantly facilitates insulin-dependent glucose uptake and metabolism (Fig. 6). 
At the same time, mildronate, which decreases the blood glucose concentration in mice and 
diabetic rats, usually does not affect plasma insulin and C-peptide levels (Liepinsh et al., 
2008; Liepinsh et al., 2009b). In addition, in study in Zucker rats mildronate along with 
decrease in glucose concentration also decreased pathologically elevated insulin 
concentration in fed Zucker rats (Liepinsh et al., 2011b). Moreover, mildronate induces a 
statistically significant 35% increase in insulin-stimulated glucose uptake in isolated mouse 
hearts (Liepinsh et al., 2008). Mildronate action could be explained by specific insulin 
pathway-related gene expression. During insulin-stimulated conditions, glucose transport 
by GLUT 4 is the rate-limiting step for glucose uptake in muscles and the heart. In 
genetically manipulated mice overexpressing GLUT 4, improvement in both glucose 
tolerance and insulin action were noted (Hansen et al., 1995). Mildronate treatment induces 
an increase in GLUT 4 protein expression in heart tissues, which explains the increase in 
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insulin receptor sensitivity could be important for the manifestation of the cardioprotective 
and antidiabetic effects of the mildronate treatment. 
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Fig. 6. The effects of pharmacologically decreased availability of L-carnitine on glucose 
metabolism. The red arrows indicate mildronate-induced changes; green arrows indicate 
stimulating effects of insulin.  

4. Pharmacological effects of decreased availability of L-carnitine 
4.1 Effects on myocardial infarction 
Mildronate is primarily known as a cardioprotective drug, the mechanism of action of which 
is based on a decrease of L-carnitine concentration, regulation of energy metabolism and 
enhancement of preconditioning-like adaptive responses (Dambrova et al., 2002). In the past 
10 years, cardioprotective effects of mildronate have been extensively studied in different 
models of heart infarction and heart failure (Hayashi et al., 2000b; Liepinsh et al., 2006; Sesti 
et al., 2006; Vilskersts et al., 2009a). It was shown that long-term treatment with mildronate 
preserved ATP production by optimisation of energy metabolism. Then, a significant 
reduction of infarct size was shown in an isolated heart infarction model both in vitro 
(Liepinsh et al., 2006) and in vivo (Sesti et al., 2006). In addition, mildronate was recently 
demonstrated to be cardioprotective in diabetic Goto-Kakizaki (G-K) rats, where besides the 
glucose-lowering effect, mildronate treatment at doses of 100 and 200 mg/kg decreased the 
infarct size by 30% (Liepinsh et al., 2009b). Overall, mildronate treatment effectively reduces 
myocardial infarction in diabetic GK and non-diabetic Wistar rats. 
Treatment with mildronate did not have a significant effect on haemodynamic parameters 
either before or during ischemia-reperfusion, indicating that the observed effects on infarct 
size are not related to changes in the cardiac workload. This result gives evidence that 
mildronate primarily acts as metabolic regulator and provides opportunities to effectively 
combine mildronate with agents affecting haemodynamic parameters. In animal studies, 
mildronate is combined with orotic acid, which is also known as an energy metabolism-
influencing metabolite (Vilskersts et al., 2009a). Mildronate possesses additive 
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pharmacological effects with orotic acid, and mildronate orotate might be considered a 
powerful therapeutic agent facilitating recovery from ischemia-reperfusion injury. In the 
same study, we found that the administration of mildronate and its orotate salt decreased 
the duration and incidence of arrhythmias in experimental arrhythmia models. 

4.2 Heart failure 
The effects of mildronate on haemodynamics, cardiac hypertrophy and metabolic 
consequences in rats after coronary artery ligation were also studied. Mildronate induces 
significant attenuation of the development of left ventricular (LV) hypertrophy and of 
increased LVEDP. These results suggest that mildronate improved LV hypertrophy and LV 
dysfunction in rats with heart failure induced by myocardial ischemia (Nakano et al., 1999). 
In a similar study performed by Hayashi et al., the effects of mildronate were examined in 
rats with congestive heart failure following myocardial infarction (Hayashi et al., 2000b). A 
survival study was conducted for 6 months, and ventricular remodelling, cardiac function, 
and myocardial high-energy phosphate levels after treatment for 20 days were measured. 
Mildronate prolonged survival, prevented expansion of the left ventricular cavity 
(ventricular remodelling), attenuated the rise in right atrial pressure and augmented cardiac 
functional adaptability against an increased load. Additionally, an improved myocardial 
energy state in mildronate-treated rats was observed. A different study by the same authors 
demonstrated that the mechanisms of mildronate action in heart failure are based on the 
amelioration of [Ca2+]i transients through an increase in SR Ca2+ uptake activity (Hayashi 
et al., 2000a). 
Several clinical studies evaluated the efficacy of mildronate in the complex therapy of 
chronic heart failure (CHF). Statsenko, ME et al. evaluated the clinical efficacy of mildronate 
in addition to basic therapy in patients with CHF and type 2 diabetes mellitus (DM2) during 
the postinfarction period (Statsenko et al., 2007). The subjects were 60 II to III NYHA CHF 
patients aged 43 to 70 years who were also suffering from DM2. The patients were observed 
during the early postinfarction period (weeks 3 to 4 from the onset of myocardial infarction). 
The use of mildronate in addition to basic therapy was associated with a more evident 
decrease in CHF functional class, an increase in 6-min walking test distance, a tendency 
towards normalisation of diastolic heart function and an increase in LVEF. Also, in a recent 
study, the advantage of treatment with mildronate (1 g/day) as a corrector of metabolism in 
combination with standard therapy for the exercise tolerance of patients with CHD over 
treatment with a placebo in combination with standard therapy was noted (Dzerve et al., 
2010). The overall conclusion from clinical studies is that the use of mildronate in basic 
therapy favours the normalisation of vegetative homeostasis and improves the quality of 
life. 

4.3 Metabolic syndrome and diabetes 
The effects of mildronate on glucose metabolism and its benefits in the treatment of 
diabetes have been proven experimentally only during the last decade, even though they 
had been suggested previously (Dambrova et al., 2002). This delay could be because 
mildronate at doses up to 400 mg/kg did not affect the blood glucose concentration in 
non-diabetic rats. Mildronate reduced blood glucose in Wistar rats only at a dose of 800 
mg (Degrace et al., 2007). The possible anti-diabetic effects of mildronate were then 
examined in an experimental model of type 2 diabetes in GK rats (Liepinsh et al., 2009b). 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

118 

insulin receptor sensitivity could be important for the manifestation of the cardioprotective 
and antidiabetic effects of the mildronate treatment. 
 

GlucoseLactate

PDC

Acetil-CoA

Pyruvate

Glut 4

Glucose

In
su

linInsRInsR

 
Fig. 6. The effects of pharmacologically decreased availability of L-carnitine on glucose 
metabolism. The red arrows indicate mildronate-induced changes; green arrows indicate 
stimulating effects of insulin.  

4. Pharmacological effects of decreased availability of L-carnitine 
4.1 Effects on myocardial infarction 
Mildronate is primarily known as a cardioprotective drug, the mechanism of action of which 
is based on a decrease of L-carnitine concentration, regulation of energy metabolism and 
enhancement of preconditioning-like adaptive responses (Dambrova et al., 2002). In the past 
10 years, cardioprotective effects of mildronate have been extensively studied in different 
models of heart infarction and heart failure (Hayashi et al., 2000b; Liepinsh et al., 2006; Sesti 
et al., 2006; Vilskersts et al., 2009a). It was shown that long-term treatment with mildronate 
preserved ATP production by optimisation of energy metabolism. Then, a significant 
reduction of infarct size was shown in an isolated heart infarction model both in vitro 
(Liepinsh et al., 2006) and in vivo (Sesti et al., 2006). In addition, mildronate was recently 
demonstrated to be cardioprotective in diabetic Goto-Kakizaki (G-K) rats, where besides the 
glucose-lowering effect, mildronate treatment at doses of 100 and 200 mg/kg decreased the 
infarct size by 30% (Liepinsh et al., 2009b). Overall, mildronate treatment effectively reduces 
myocardial infarction in diabetic GK and non-diabetic Wistar rats. 
Treatment with mildronate did not have a significant effect on haemodynamic parameters 
either before or during ischemia-reperfusion, indicating that the observed effects on infarct 
size are not related to changes in the cardiac workload. This result gives evidence that 
mildronate primarily acts as metabolic regulator and provides opportunities to effectively 
combine mildronate with agents affecting haemodynamic parameters. In animal studies, 
mildronate is combined with orotic acid, which is also known as an energy metabolism-
influencing metabolite (Vilskersts et al., 2009a). Mildronate possesses additive 

 
The Regulation of Energy Metabolism Pathways Through L-Carnitine Homeostasis 

 

119 
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same study, we found that the administration of mildronate and its orotate salt decreased 
the duration and incidence of arrhythmias in experimental arrhythmia models. 
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The effects of mildronate on haemodynamics, cardiac hypertrophy and metabolic 
consequences in rats after coronary artery ligation were also studied. Mildronate induces 
significant attenuation of the development of left ventricular (LV) hypertrophy and of 
increased LVEDP. These results suggest that mildronate improved LV hypertrophy and LV 
dysfunction in rats with heart failure induced by myocardial ischemia (Nakano et al., 1999). 
In a similar study performed by Hayashi et al., the effects of mildronate were examined in 
rats with congestive heart failure following myocardial infarction (Hayashi et al., 2000b). A 
survival study was conducted for 6 months, and ventricular remodelling, cardiac function, 
and myocardial high-energy phosphate levels after treatment for 20 days were measured. 
Mildronate prolonged survival, prevented expansion of the left ventricular cavity 
(ventricular remodelling), attenuated the rise in right atrial pressure and augmented cardiac 
functional adaptability against an increased load. Additionally, an improved myocardial 
energy state in mildronate-treated rats was observed. A different study by the same authors 
demonstrated that the mechanisms of mildronate action in heart failure are based on the 
amelioration of [Ca2+]i transients through an increase in SR Ca2+ uptake activity (Hayashi 
et al., 2000a). 
Several clinical studies evaluated the efficacy of mildronate in the complex therapy of 
chronic heart failure (CHF). Statsenko, ME et al. evaluated the clinical efficacy of mildronate 
in addition to basic therapy in patients with CHF and type 2 diabetes mellitus (DM2) during 
the postinfarction period (Statsenko et al., 2007). The subjects were 60 II to III NYHA CHF 
patients aged 43 to 70 years who were also suffering from DM2. The patients were observed 
during the early postinfarction period (weeks 3 to 4 from the onset of myocardial infarction). 
The use of mildronate in addition to basic therapy was associated with a more evident 
decrease in CHF functional class, an increase in 6-min walking test distance, a tendency 
towards normalisation of diastolic heart function and an increase in LVEF. Also, in a recent 
study, the advantage of treatment with mildronate (1 g/day) as a corrector of metabolism in 
combination with standard therapy for the exercise tolerance of patients with CHD over 
treatment with a placebo in combination with standard therapy was noted (Dzerve et al., 
2010). The overall conclusion from clinical studies is that the use of mildronate in basic 
therapy favours the normalisation of vegetative homeostasis and improves the quality of 
life. 

4.3 Metabolic syndrome and diabetes 
The effects of mildronate on glucose metabolism and its benefits in the treatment of 
diabetes have been proven experimentally only during the last decade, even though they 
had been suggested previously (Dambrova et al., 2002). This delay could be because 
mildronate at doses up to 400 mg/kg did not affect the blood glucose concentration in 
non-diabetic rats. Mildronate reduced blood glucose in Wistar rats only at a dose of 800 
mg (Degrace et al., 2007). The possible anti-diabetic effects of mildronate were then 
examined in an experimental model of type 2 diabetes in GK rats (Liepinsh et al., 2009b). 
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The main finding of this study was that decreased L-carnitine availability leads to fed and 
fasted blood glucose concentration-lowering effects without increasing the insulin 
concentration in diabetic GK rats. As mentioned before, mildronate also induced 
cardioprotective effects in GK rat hearts. At the end of an 8-week treatment, the necrosis 
zone in mildronate-treated diabetic rat hearts was significantly decreased by 30%. Overall, 
these findings directly indicate that mildronate treatment could be beneficial in diabetes 
patients with cardiovascular diseases. Furthermore, mildronate effectiveness was tested in 
rats with streptozotocin-induced diabetes mellitus (Sokolovska et al., 2011). As expected, 
long-term mildronate treatment caused a significant decrease in the mean blood glucose 
and glycated haemoglobin (HbA1c) concentrations in streptozotocin-treated rats. Thus, 
the glucose-lowering effects were shown experimentally both in type 1 and type 2 
diabetes mellitus.  
In a recent study, the effects of mildronate treatment were compared to the effects of 
metformin treatment in obese Zucker rats (Liepinsh et al., 2011). In this study, mildronate 
treatment, to the same extent as metformin, significantly reduced the blood glucose 
concentration in the fed and fasted states and increased the insulin concentration in obese 
Zucker rats. In addition, several effects caused by the combination of mildronate and 
metformin treatment were additive or even synergistic. An additive effect in an oral 
glucose tolerance test and in the reduction of insulin concentration was observed. 
Moreover, treatment with the combination of both drugs increased liver glycogen content, 
suggesting a significant improvement in liver insulin sensitivity. Thus, the additional 
increase in body insulin sensitivity is a benefit of treatment with this combination. These 
changes may be explained by an increase in the expression of glucose metabolism genes, 
such as Glut-1, HK-2 and, in particular, GLUT 4.  Furthermore, treatment with mildronate 
or metformin alone did not significantly change the weight gain of obese Zucker rats. In 
contrast to monotherapy, treatment with the combination of mildronate and metformin 
induced a significant reduction in weight gain and especially fat mass, which was 
decreased by 47% in combination-treated rats. Thus, the combination therapy of 
mildronate with metformin could have a potential therapeutic value in the treatment of 
obese patients with type 2 diabetes. Additionally, one of the well-known side effects of 
metformin is related to an increased lactate level. In this study, mildronate treatment 
separately or in combination with metformin reduced the lactate concentration in obese 
Zucker rat plasma, and therefore, mildronate used in combination could reduce the risk of 
metformin-induced lactate acidosis. 

4.4 Diabetes complications 
Mildronate treatment induces protective effects not only in the heart but also in other 
tissues. Vilskersts et al. demonstrated that chronic treatment with mildronate at a dose of 
100 mg/kg significantly reduced the size of atherosclerotic plaques in the aortic roots and in 
the whole aorta in apoE/LDLR(-/-) mice (Vilskersts et al., 2009b). The effect of long-term 
treatment with mildronate on the functional manifestation of metabolic disturbances and 
diabetes-induced complications in diabetic animals was also studied (Liepinsh et al., 2009b). 
The contractile responsiveness to phenylephrine was significantly enhanced in the aortas of 
GK rats, and this hypersensitivity was normalised by mildronate at a dose of 200 mg/kg. 
The functional impairment of coronary arteries characterised by significantly lower 
coronary flow was observed in isolated GK rat hearts compared to those of Wistar rats. 
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After treatment by mildronate, coronary flow was significantly increased, indicating that 
long-term treatment with mildronate prevents endothelial dysfunction in animals with type 
2 diabetes. 
Peripheral neuropathy characterised by abnormality in the thermal pain threshold of 
diabetic GK rats was associated with the development of diabetes (Ueta et al., 2005). The loss 
of thermal response is dependent on the severity and duration of hyperglycaemia and is 
also a characteristic diabetic complication in the clinic. Long-term mildronate administration 
both controlled hyperglycaemia and prevented diabetic neuropathy. It is very likely that by 
influencing energy metabolism, mildronate reduces neuropathy in type 2 diabetes animals.  
An open randomised trial in diabetic patients investigated 70 matched patients with type 2 
diabetes mellitus and sensomotor neuropathy; the effectiveness of mildronate was evaluated 
for 3 months in addition to basic therapy (Statsenko et al., 2008). Mildronate administration 
did not influence glucose and Hb1Ac concentration, but it significantly improved the clinical 
condition of the study group patients vs. the controls by neuropathy and symptoms count 
scales, electrophysiological properties of the nerve fibres and optimisation of oxygen tissue 
balance. Overall, mildronate is suggested for the treatment of diabetes at a dose of 1 g/day 
as an addition to standard therapy. 

5. Conclusion 
In conclusion, a mildronate-induced decrease in L-carnitine concentration leads to a partial 
reduction in FA oxidation and shifts energy metabolism from free FA towards 
predominantly glucose utilisation by the myocardium to increase the effectiveness of ATP 
generation. Long-term pharmacologically decreased availability of L-carnitine induces 
adaptive effects by causing changes in FA and glucose metabolism-related gene expression, 
which are beneficial in the treatment of heart diseases and diabetes. The L-carnitine 
homeostasis is a valuable target for the regulation of energy metabolism pathways and 
treatment of metabolic diseases.  
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1. Introduction 
Oxidative stress appears to be involved in aging and a great many diseases, including 
diabetes mellitus (Lang, Naryshin et al. 1992; Fletcher and Fletcher 1994; Julius, Lang et al. 
1994; Richie, Skowronski et al. 1996; Nuttall, Martin et al. 1998; Lang, Mills et al. 2000; 
Erden-Inal, Sunal et al. 2002; Junqueira, Barros et al. 2004; Gil, Siems et al. 2006). ‘Oxidative 
stress’ is a term that was introduced by Sies in 1985 and refers to any situation where there 
is a serious imbalance between the production of free radicals (FR) or reactive oxygen 
species (ROS), called the oxidative load, and the antioxidant defense system. The oxidative 
load is described as “a measure of the steady-state level of reactive oxygen or oxygen 
radicals in a biological system” (Baynes 1991). Oxidative stress has been defined as “a 
disturbance in the pro-oxidant-antioxidant balance in favour of the former, leading to 
potential damage” (Sies 1985). Because it is hard to measure oxidative stress directly, it is 
inferred from the accumulation of oxidation products, such as plasma O2●- radicals or high 
levels of peroxidation products such as thiobarbituric acid-reactive substances (TBARS) in 
plasma (Dominguez, Ruiz et al. 1998).  
Cells can tolerate moderate oxidative loads by increasing gene expression to up-regulate 
their reductive defense systems and restore the oxidant/antioxidant balance. But when this 
increased synthesis cannot be achieved due to damage to enzymes, or substrate limitations, 
or when the oxidative load is overwhelming, an imbalance persists and the result is 
oxidative stress. Persisting imbalance leads to damage to DNA, proteins and lipids, and cell 
death. Oxidative stress has been implicated in over 100 diseases, more as a consequence of 
the pathology than as the causative factor (Halliwell 2005).  
Glutathione, the tripeptide γ-L-glutamyl-L-cysteinyl-glycine (GSH), is an antioxidant 
molecule synthesised in almost all living cells from prokaryote organisms to the eukaryote 
kingdoms (Griffith and Mulcahy 1999). Glutathione is able to protect cells from oxidation by 
virtue of the reducing power of the thiol group on the cysteine portion of the molecule. 
Normally ~98% of the total GSH in healthy human cells exists in the reduced form (Griffith 
1981; Kennett, Bubb et al. 2005). When GSH is oxidised to glutathione disulphide (GSSG), 
the enzyme GSH reductase (GR; EC 1.6.4.2) rapidly reduces it back to GSH using NADPH 
as an electron donor, thus ensuring that the cycling of ROS does not alter the GSH to GSSG 
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concentration ratio of  ≥ 100 (Griffith 1999; Griffith and Mulcahy 1999). It is only when the 
oxidative load on the cell reaches the high levels usually associated with a variety of disease 
states, that a shift in this redox buffer can occur, and can result in oxidative damage to 
cellular constituents and the especially vulnerable plasma membrane (Kennett and Kuchel 
2006).  
The red blood cell (RBC) is susceptible to oxidative damage through its role as the main 
oxygen transporting cell, and is protected from a constant flux of reactive oxygen 
metabolites. Glutathione is the main source of RBC antioxidant protection and its redox 
status is often used as a measure of oxidative stress (Kennett and Kuchel 2006). In addition, 
RBC GSH has far reaching effects in being the largest mobile antioxidant pool, detoxifier 
and chemokine scavenger in the body (Keenoy, Vertommen et al. 2001; Sailaja, Baskar et al. 
2003). Its membrane is permeable to O2●- and H2O2 (via the band 3 transporter, also called 
capnophorin) and so the RBC scavenges these ROS and protects cells and tissues of the body 
(Aoshiba, Nakajima et al. 1999).  
A consistent finding in type II diabetes mellitus (non-insulin dependent diabetes mellitus, 
NIDDM) is a high FR load, which is associated with the hyperglycemia. The elevated 
glucose binds to proteins, glycating them, and leads to the formation of advanced glycation 
end products (AGEs) and many FRs (Keenoy, Vertommen et al. 2001). Advanced glycation 
end products are associated with tissue damage and aging (Sullivan 1996; Wautier and 
Schmidt 2004). The glycation of proteins in diabetes increases the rate of FR production by 
nearly 50-fold, and the generated FRs were found to increase peroxidation of 
polyunsaturated fatty acids (PUFAs) in the cell membrane nearly 2-fold over control levels 
(Mullarkey, Edelstein et al. 1990).  
The less well the diabetes is controlled, i.e., the higher the blood glucose concentration, the 
more likely is the formation of glycated proteins. Glycated haemoglobin (HbA1c), an 
Amadori product, is routinely measured in NIDDM, because once formed, it remains for the 
lifetime of the RBC (120 days), and therefore acts as a reliable monitor of blood glucose 
control over 4 months. Glycation of haemoglobin of under 6% is normal, but in NIDDM it 
can be measured in the teens. HbA1c is more negatively charged than haemoglobin and has a 
higher oxygen affinity, therefore reducing gaseous exchange at the tissues (Arese and 
Schwarzer 2003).  
A decrease in GSH concentration in the RBCs of NIDDM patients is widely reported, and 
this depletion of GSH is considered to be indicative of increased oxidative stress (Bono, 
Caimi.G et al. 1986; Tho, Candlish et al. 1988; Murakami, K. et al. 1989; Jain and McVie 1994; 
Yoshida, Hirokawa et al. 1995; Vijayalingam, Parthiban et al. 1996; Lang, Mills et al. 2000; 
Dincer, Akcay et al. 2002; Arese and Schwarzer 2003; Beard, Shangari et al. 2003; Martin-
Gallan, Carrascosa et al. 2003; Sailaja, Baskar et al. 2003; Darmaun, Smith et al. 2005; 
Sampathkumar, Balasubramanyam et al. 2005). However, many authors report unchanged 
or elevated GSH concentrations in the RBCs of NIDDM patients (Caren and Carne 1951; 
Matsubara, Ferreira et al. 1992; Sinclair, Girling et al. 1992; Di Simplicio, De Giorgio et al. 
1995; Laaksonen, Atalay et al. 1996; Thornalley, McLellan et al. 1996; Atalay, Laaksonen et 
al. 1997; Straface, Rivabene et al. 2002; Nwose, Jelinek et al. 2006; Ozkilic, Cengiz et al. 2006). 
Reported concentrations depend upon the form of glutathione measured (oxidised, reduced, 
total free, protein-bound), the analytic methods used, whether the subjects have been 
receiving treatment, and the particular drugs used in treating the disease (Yoshida, 
Hirokawa et al. 1995; Bravi, Armiento et al. 2006). Compounding this is the wide range of 
GSH concentrations in the healthy population, and subjects who vary in age and extent of 
pathology (Richie, Skowronski et al. 1996; Lang, Mills et al. 2000).  
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In this chapter we explored the nature of the FR, what GSH is and how it works to 
neutralise FRs, and how FR and AGE induced damage is implicated in the pathogenesis and 
complications of NIDDM. We explore the literature on the purported levels of GSH in 
patients with NIDDM, and finally we discuss the research done by the authors on the 
concentration of GSH and the rate of synthesis of GSH in a group of patients with NIDDM, 
compared to a group of healthy controls.  

2. The nature of Free Radicals (FRs) 
A FR is any species that is capable of an independent existence and is reactive because it 
contains at least one unpaired electron in its outer atomic orbital. The lone hydrogen atom is 
reactive because it has one unpaired electron. When the unpaired electron (denoted by ●) 
resides on an oxygen atom it is called an oxygen-centred radical, and examples are the 
superoxide (O2●-) and hydroxyl (OH●) radicals (Halliwell 2005). ROS are both oxygen-
centred FRs as well as nonradical derivatives (e.g. H2O2). Radicals can react with each other 
to form nonradical derivatives that are often more damaging than the parent radicals 
(Halliwell 2005). For example O2●- and nitric oxide (NO●) can form the nonradical derivative 
peroxynitrite (ONOO-). When FRs react with nonradicals, a chain reaction of FR formation 
can develop. One example is the reaction between OH● and a fatty acid that produces a 
chain reaction of lipid peroxidation. Some FRs are beneficial to a cell; e.g. O2●- produced by 
phagocytes kills bacteria and endothelial derived NO● has a vasodilatory function and is 
also produced by macrophages to kill invading microbes.  
When a FR or ROS reacts with another atom or molecule, it captures one or more electrons. 
The FR or ROS is the electron acceptor because it will pair up its own unpaired electrons as a 
result of this reaction. The removal of an electron from an atom is a process called 
‘oxidation’, thus FRs or ROS act as oxidising agents. In its broadest sense, oxidation occurs 
in an atom or molecule when it is involved in a reaction that increases its oxidation number; 
this can result from the loss of an electron or a hydrogen atom, or the addition of an oxygen 
atom, or it can be viewed as the relative increase in the proportion of oxygen in a molecule 
due to the loss of other atoms. The FR or ROS, having gained an electron is said to be 
reduced, and its oxidation number is decreased as a result of this reaction. Oxidation of one 
molecule is always accompanied by the reduction of another molecule, and so these 
interactions are called reduction-oxidation (redox) reactions (Hill and Kolb 2001) .  
The activity of cellular antioxidants should be in balance with the oxidative load. The body 
has a number of antioxidant defenses that prevent the damaging effects of oxidation caused 
by FRs or ROS. An antioxidant is any substance, present usually in low concentrations 
compared to the oxidising agent, that significantly delays or prevents oxidation of other 
molecules by acting as a reducing agent. The most important antioxidants found in the cell 
are superoxide dismutase (SOD) (EC 1.15.1.1); catalase (EC 1.11.1.6); thioredoxin reductase 
(EC 1.8.1.9); vitamins C; vitamin E; glutathione (GSH), glutathione -S-transferase (GST; EC 
2.5.1.18) and glutathione peroxidase (GPx; EC 1.11.1.9) (Halliwell 2005).  

3. What is GSH and how does it neutralise FRs?  
As noted above, GSH is synthesised in almost all living cells from prokaryote organisms to 
the eukaryote kingdoms (Griffith and Mulcahy 1999), which emphasises both its ancient 
origin and its persistent cell-protective function (see Figure 1). GSH plays a major role in 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

130 

concentration ratio of  ≥ 100 (Griffith 1999; Griffith and Mulcahy 1999). It is only when the 
oxidative load on the cell reaches the high levels usually associated with a variety of disease 
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NIDDM) is a high FR load, which is associated with the hyperglycemia. The elevated 
glucose binds to proteins, glycating them, and leads to the formation of advanced glycation 
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Dincer, Akcay et al. 2002; Arese and Schwarzer 2003; Beard, Shangari et al. 2003; Martin-
Gallan, Carrascosa et al. 2003; Sailaja, Baskar et al. 2003; Darmaun, Smith et al. 2005; 
Sampathkumar, Balasubramanyam et al. 2005). However, many authors report unchanged 
or elevated GSH concentrations in the RBCs of NIDDM patients (Caren and Carne 1951; 
Matsubara, Ferreira et al. 1992; Sinclair, Girling et al. 1992; Di Simplicio, De Giorgio et al. 
1995; Laaksonen, Atalay et al. 1996; Thornalley, McLellan et al. 1996; Atalay, Laaksonen et 
al. 1997; Straface, Rivabene et al. 2002; Nwose, Jelinek et al. 2006; Ozkilic, Cengiz et al. 2006). 
Reported concentrations depend upon the form of glutathione measured (oxidised, reduced, 
total free, protein-bound), the analytic methods used, whether the subjects have been 
receiving treatment, and the particular drugs used in treating the disease (Yoshida, 
Hirokawa et al. 1995; Bravi, Armiento et al. 2006). Compounding this is the wide range of 
GSH concentrations in the healthy population, and subjects who vary in age and extent of 
pathology (Richie, Skowronski et al. 1996; Lang, Mills et al. 2000).  
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has a number of antioxidant defenses that prevent the damaging effects of oxidation caused 
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compared to the oxidising agent, that significantly delays or prevents oxidation of other 
molecules by acting as a reducing agent. The most important antioxidants found in the cell 
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3. What is GSH and how does it neutralise FRs?  
As noted above, GSH is synthesised in almost all living cells from prokaryote organisms to 
the eukaryote kingdoms (Griffith and Mulcahy 1999), which emphasises both its ancient 
origin and its persistent cell-protective function (see Figure 1). GSH plays a major role in 
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defending the cell against oxidative and nitrosative damage by reacting with ROS; and the 
GSH in red blood cells (RBCs) has even been proposed as an indicator of health status 
although concentrations have been shown to vary almost two fold even among healthy 
individuals (Richie, Abraham et al. 1996).  
The highest concentrations of GSH in mammals are found in the liver, spleen, kidneys, 
pancreas, and the lens of the eye. The liver is the main site of GSH production in the body 
where it remains largely localised, and has the highest concentration (~10 mM) (Burk and 
Hill 1995), while in plasma the concentration is only ~0.90 µM (Chawla, Lewis et al. 1984; 
Beutler and Gelbart 1985; Yang, Chou et al. 1995). Glutathione is a major metabolite of the 
human RBC (Lunn, Dale et al. 1979), and has a steady-state concentration of ~2 mmol (L 
RBC) -1 (~3 mM in the free water space) (Raftos, Dwarte et al. 2006). Recent evidence 
indicates that the RBC can export GSH at a rate of up to ~0.35 µmol (L RBC)-1 min-1 and thus 
contribute to the extracellular GSH pool (Giustarini, Dalle-Donne et al. 2008). It is 
hypothesised that the rate of de novo synthesis of GSH in healthy RBCs balances the rate of 
efflux of GSH, oxidised glutathione (GSSG) and GSH-conjugates (Srivastava and Beutler 
1969; Srivastava, Awasthi et al. 1976; Lunn, Dale et al. 1979; Griffith 1999), and has a 
turnover of 4 - 6 days (Lunn, Dale et al. 1979; Griffith 1981). There is no known mechanism 
for the breakdown of GSH inside the RBC, as the enzyme γ-glutamyl transpeptidase (GGTP; 
EC 2.3.2.2), which cleaves the γ bond in GSH in many cells of the body, is absent in the RBC 
(Board and Smith 1977). 
Glutathione is synthesised from three amino acids: glutamate, cysteine and glycine. The 
synthesis of GSH was first demonstrated in extracts of pigeon liver and yeast, by Snoke and 
Bloch (1954) and was shown to be a process requiring two enzymes (see Figure 2) (Snoke, 
Yanari et al. 1953; Snoke and Bloch 1954; Snoke 1955).The condensation of glutamate and 
cysteine requires γ-L-glutamyl-L- cysteine synthetase now more commonly called γ-L-
glutamate-L-cysteine ligase (GCL; ). Addition of glycine is by glutathione synthetase (GS). γ -
L-Glutamate-L-cysteine ligase is the main flux controlling enzyme, and is inhibited by GSH 
with a Ki of 2.3 mM in the free water of the cell (1.6 mmol (L RBC) -1) which is within the 
normal range of the GSH concentration in RBCs (Richman and Meister 1975). However, 5 
and 10 mM GSH, greatly in excess of normal physiological concentrations, has been shown 
to inhibit the activity of the enzyme by only 22 and 31% respectively (Richman and Meister 
1975), suggesting that the inhibitory effect of GSH under normal conditions is not the only 
factor controlling GSH synthesis in RBCs. The GSH inhibition appeared to be reduced by 
glutamate, indicating that GSH was binding to the glutamate receptor on the enzyme 
(Richman and Meister 1975).  
Glutamate-L-cysteine ligase is a heterodimer, composed of a heavy catalytic subunit 
(GCLC), and a lighter modifier subunit (GCLM). The catalytic unit can support GSH 
production alone, but the modifier unit increases the rate of GSH production in the RBC by 
increasing the Ki for GSH inhibition and decreasing the Km for glutamate utilisation. These 
subunits are encoded by separate genes on different chromosomes (Griffith 1999; Yang, 
Dieter et al. 2002; Chen, Shertzer et al. 2005), and it may be the inherited ratio of 
GCLC:GCLM that determines the steady state GSH concentration of an individual. In 
addition, polymorphisms in both the GCLC and GCLM gene promoters have been shown to 
be associated with variations in the expression of these subunits, their inducibility and 
consequent GSH concentrations, and a number of studies have identified specific 
polymorphisms that increase the risk of diseases including cystic fibrosis, cardiovascular 
disease, schizophrenia, diabetes mellitus and asthma (Franklin, Backos et al. 2008). The 
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modifier subunit is not essential for viability, even though gclm(-/-) knockout mice have 
decreased levels of GSH that vary between different tissues, and their GSH concentration is 
substantially reduced in RBCs (Yang, Dieter et al. 2002). Both subunits can be up-regulated 
at the transcriptional level by oxidative stress, and especially by H2O2 and TNF-α (Yang, 
Dieter et al. 2002). 
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Fig. 1. Chemical structure of GSH. The tripeptide is composed of glutamate, cysteine and 
glycine residues with a γ-peptide bond between the glutamate and cysteine residues. The 
cysteine residue has a thiol functional group that imparts the reducing potential to the 
molecule.   

As noted above, normally ~98% of the total GSH in healthy human cells exists in the 
reduced form (Griffith 1981; Kennett, Bubb et al. 2005). When GSH is oxidised to GSSG, the 
GR rapidly catalyses its reduction back to GSH using NADPH as an electron donor, thus 
ensuring that the cycling of ROS does not alter the GSH to GSSG concentration ratio of  ≥ 
100 (Griffith 1999; Griffith and Mulcahy 1999). It is only when the oxidative load on the cell 
reaches the high levels usually associated with a variety of disease states, that a shift in this 
redox buffer can occur, and can result in oxidative damage to cellular constituents including 
the especially vulnerable plasma membrane (Kennett and Kuchel 2006). A marked fall in the 
GSH to GSSG ratio can also act as a signal that leads to decreased cell proliferation and 
increased apoptosis (Schafer and Buettner 2001; Wu, Fang et al. 2004).  

3.1 Free radicals and GSH in the RBC  
Mammalian reticulocytes are formed in the marrow and mature into RBCs that are 
enucleated biconcave discs that survive for ~120 days in the circulation carrying O2 and 
CO2. Haemoglobin occupies ~33% of the RBC volume. Thus the RBC is susceptible to 
oxidative damage through its role as the O2 transporter, and is protected from a constant 
flux of reactive O2 metabolites. When O2 binds to haemoglobin, iron remains in its ferrous 
(Fe2+) form, but occasionally water or a small anion causes the transfer of an electron from 
the Fe2+ to oxygen to form methaemoglobin. Such autoxidation of haemoglobin occurs at a 
rate of up to 3% a day and results in the release of O2●- radicals (Rice-Evans and Baysal 1987; 
Low, Hampton et al. 2008). The release of ferric iron (Fe3+) from haemoglobin leads to free 
radical damage by the Fenton reaction in which Fe3+ binding to H2O2 results in the 
formation of highly reactive OH●- radicals. Release of Fe3+ can lead to oxidative changes in 
membrane proteins and rapid RBC aging (Burak Cimen 2008). Glutathione is the main 
source of RBC antioxidant protection and its redox status is often used as a measure of 
oxidative stress (Kennett and Kuchel 2006).  
Methaemoglobin is converted back to haemoglobin by the methaemoglobin reductase system 
(NADH:cytochrome b5 reductase E.C. 1.6.2.2 and cytochrome b5: methaemoglobin reductase). 
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The RBC has high concentrations of SOD for the dismutation of O2●- to H2O2, making 
autoxidation the major source of H2O2 in the RBC, although H2O2 from extracellular sources is 
able to permeate RBCs, and oxidants are also generated by the interaction of xenobiotics with 
haemoglobin. The H2O2 is reduced by catalase to O2 and H2O, especially when concentrations 
of the ROS are high, and GPx, a selenium-containing enzyme, converts H2O2 to H2O at lower 
concentrations and is the flux controlling step of GSH recycling (Low, Hampton et al. 2008). 
The schemes for these reactions are shown in Figure 3. Peroxide metabolism in RBCs cannot be 
explained by these two enzymes (catalase and GPx) alone, and kinetic modeling has shown 
that peroxiredoxins (Prxs), especially Prx2, which use thioredoxin as the reductant, are also 
important in the RBC for reducing the daily H2O2  load (Low, Hampton et al. 2008).  
 

 
Fig. 2. GSH synthesis in the human RBC. The metabolite labels denote: Cys, cysteine; Gln, 
glutamine; Glu, glutamate; Gly, glycine; GSH, glutathione; NH4+, ammonium; γ-GluCys, γ-
glutamylcysteine; 5-Oxop, 5-oxoproline. The enzymes are numbered as follows: (1) 
glutaminase (2) γ-L-glutamate-L-cysteine ligase or γ-glutamylcysteine synthetase (3) γ-glutamyl 
cyclotransferase (4) glutathione synthetase. ( Adapted from Raftos, Whillier et al. 2007.) 

Glutathione-disulphide is reduced back to GSH using GR and NADPH. The oxidative 
pentose phosphate pathway generates NADPH when glucose 6-phosphate is converted to 6-
Phospho-glucolactone via glucose-6-phosphate dehydrogenase (G6PDH; E.C. 1.1.1.49) 
(Mulquiney and Kuchel 2003), and this appears to be the main role of this pathway in the 
RBC, as the formation of ribose 5-phosphate and the other end products of  the pentose 
phosphate pathway are of no direct synthetic use in an enucleated cell.  
The reductive activity of NADPH also competes against the oxidation of PUFAs in the 
membrane and retains the iron in haemoglobin (Hb) in the Fe2+ form (Lehninger 1984). In 
G6PDH deficiency, there is an increased sensitivity to H2O2, mainly due to low NADPH 
concentrations. Loss of both NADPH and GSH in this inherited condition may account for 
enhanced methaemoglobin formation and lipid peroxidation in the propositi (Burak Cimen 
2008).  
Young healthy subjects have been shown to have higher GSH and lower H2O2 
concentrations in their RBCs than healthy elderly subjects; and both have higher GSH 
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concentrations than elderly patients with a variety of chronic diseases (Nuttall, Martin et al. 
1998). In addition, 36% of newly admitted typical hospital patients with a wide variety of 
chronic diseases have markedly reduced RBC total GSH concentrations compared to age-
matched controls (Lang, Mills et al. 2000), which suggests that adverse changes in the redox 
status accompanies many chronic pathologies. There is evidence that a decrease in RBC 
GSH occurs in HIV, diabetes mellitus, kwashiorkor, malnutrition, magnesium-ion 
deficiency, alcoholic liver disease, progeria, rheumatoid arthritis, muscular dystrophy, 
amyotrophic lateral sclerosis, atherosclerosis, Alzheimer disease, cataractogenesis, sickle cell 
trait, thalassemia, and malaria (Murakami, K. et al. 1989; Sorensen, Rubin et al. 1990; Jain 
and McVie 1994; Becker, Leichsenring et al. 1995; Grinberg, Rachmilewitz et al. 1995; 
Sullivan 1996; Erden-Inal, Sunal et al. 2002; Rossi, Milzani et al. 2002). 

4. How is FR and AGE damage implicated in the pathogenesis and 
complications of NIDDM? 
Diabetes mellitus in its primary presentation is either the result of decreased pancreatic β-
islet insulin production (type I or IDDM), or a resistance of cells to insulin (type II or 
NIDDM). The incidence of NIDDM has increased rapidly in recent years. It is estimated that 
the morbidities due to this illness will more than double within 15 years. Once a disease of 
slow-onset, appearing in middle-aged adults, it is now appearing in children (Ceriello and 
Motz 2004). Pathognomonic of the disease is hyperglycaemia, and this is associated with 
many systemic complications associated with the disease, that include pathology in the 
cardiovascular, neural, renal, visual and other organ systems.  
A consistent finding in NIDDM is a high FR load, which is associated with hyperglycaemia. 
The elevated amounts of glucose lead to binding of glucose to proteins, and leads to the 
formation of AGEs and many FRs.  

4.1 Glycation as a cause of oxidation in NIDDM 

Glycation of proteins is initiated when a reducing sugar such as glucose, which in its acyclic 
form has an exposed aldehyde functional group, forms a double bond with the amine group 
of an amino acid residue (commonly lysine) in a protein (Figure 4). This is called the 
Maillard reaction (also called browning). The result is the formation of an imine called a 
Schiff base, in which the covalent bonds are rearranged to yield a ketoamine called an 
Amadori product. These reactions are reversible in the presence of reducing agents. Further 
oxidation over months results in the formation of irreversibly damaged proteins; these are 
the AGEs that are associated with tissue damage and aging (Sullivan 1996; Wautier and 
Schmidt 2004) as well as the liberation of many FRs (Keenoy, Vertommen et al. 2001). The 
glycation of proteins in diabetes increases the rate of FR production by nearly 50-fold; and 
the generated FRs increase peroxidation of PUFAs in the cell membrane nearly 2-fold over 
control levels (Mullarkey, Edelstein et al. 1990). 
Monosaccharides become autoxidised in the presence of metal-catalysts and oxygen to yield 
ketoaldehydes (Wolff and Dean 1987) that then catalyse autoxidative glycosylation, in which 
the more reactive dicarbonyl sugars such as glucosone react with proteins to form ketoimine 
adducts. In turn these are more reactive than Amadori adducts and can initiate further 
Maillard reactions. Superoxide and H2O2 are formed in these autoxidation reactions (Wolff 
and Dean 1987). Autoxidative glycosylation therefore produces FRs, leading to damaged 
proteins and peroxidation of associated lipids during glycation reactions. 
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The RBC has high concentrations of SOD for the dismutation of O2●- to H2O2, making 
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concentrations and is the flux controlling step of GSH recycling (Low, Hampton et al. 2008). 
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Fig. 2. GSH synthesis in the human RBC. The metabolite labels denote: Cys, cysteine; Gln, 
glutamine; Glu, glutamate; Gly, glycine; GSH, glutathione; NH4+, ammonium; γ-GluCys, γ-
glutamylcysteine; 5-Oxop, 5-oxoproline. The enzymes are numbered as follows: (1) 
glutaminase (2) γ-L-glutamate-L-cysteine ligase or γ-glutamylcysteine synthetase (3) γ-glutamyl 
cyclotransferase (4) glutathione synthetase. ( Adapted from Raftos, Whillier et al. 2007.) 

Glutathione-disulphide is reduced back to GSH using GR and NADPH. The oxidative 
pentose phosphate pathway generates NADPH when glucose 6-phosphate is converted to 6-
Phospho-glucolactone via glucose-6-phosphate dehydrogenase (G6PDH; E.C. 1.1.1.49) 
(Mulquiney and Kuchel 2003), and this appears to be the main role of this pathway in the 
RBC, as the formation of ribose 5-phosphate and the other end products of  the pentose 
phosphate pathway are of no direct synthetic use in an enucleated cell.  
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Young healthy subjects have been shown to have higher GSH and lower H2O2 
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concentrations than elderly patients with a variety of chronic diseases (Nuttall, Martin et al. 
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the more reactive dicarbonyl sugars such as glucosone react with proteins to form ketoimine 
adducts. In turn these are more reactive than Amadori adducts and can initiate further 
Maillard reactions. Superoxide and H2O2 are formed in these autoxidation reactions (Wolff 
and Dean 1987). Autoxidative glycosylation therefore produces FRs, leading to damaged 
proteins and peroxidation of associated lipids during glycation reactions. 
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Fig. 3. Antioxidants in the RBC. A daily 3% formation of methaemoglobin (metHb) from 
oxyhaemoglobin (Hb-O2) results in the formation O2●-. The metHb is reduced to Hb via 
metHb reductase, cytochrome b5 reductase and NADH. The O2●- is converted to H2O2 by 
SOD. The H2O2 is converted via either catalase (CAT) to O2 + H2O, or via GPx to H2O, 
resulting in the formation of GSSG, which is reduced back to GSH using GSH-reductase 
(GR) and NADPH. The electron donors NADPH and NADH are derived from glycolysis 
and the oxidative pentose phosphate shunt respectively. The NADP+ is reduced to NADPH 
via glucose-6-phosphate dehydrogenase (G6PDH) and glucose 6-phosphate formed via the 
phosphorylation of glucose using hexokinase (Hx). GSH conjugates xenobiotics which are 
pumped out of the RBC via ATP-dependent glutathione transferase transporters (Board 
1981; Board 1993)  

There are many molecules with a reactive aldehyde group that generate AGEs (Figure 5). 
They include acyclic fructose, formed from glucose via the sorbitol or polyol pathway; triose 
intermediates, such as glyceraldehyde 3-phosphate, formed in glycolysis; oxoaldehydes 
such as glyoxal and methylglyoxal formed from the autoxidation of these triose 
intermediates, the latter in a side reaction of triose phosphate isomerase (E.C. 5.3.1.1); and 
aldehydes such as hydroxynonenal (HNE) and malondialdehyde (MDA) formed from 
peroxidation of PUFAs (Dominguez, Ruiz et al. 1998; Dincer, Akcay et al. 2002; Arese and 
Schwarzer 2003; Beard, Shangari et al. 2003; Memisogullari, Taysi et al. 2003).   
The increased polyol pathway flux only becomes significant in hyperglycaemia because the 
Km for glucose is high (Brownlee 2001). In this pathway, aldose reductase (E.C. 1.1.1.21) 
converts carbonyl compounds like glucose to sorbitol by oxidising NADPH (Figure 5). 
Sorbitol can be oxidised to fructose, and NADH is generated in the process. An increase in 
the NADH: NAD ratio inhibits glyceraldehydes-3-phosphate dehydrogenase (GAPDH; 
1.2.1.12), which requires NAD as a co-substrate. The enzyme has a thiol group at its active 
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site, so it is also inhibited by oxoaldehydes, glycating agents and oxidative radicals 
(Beisswenger, Howell et al. 2003). The consumption of NADPH decreases the ability of cells 
to regenerate GSH from GSSG, which elevates oxidative stress. Aldose reductase inhibition 
reduces diabetic neuropathy (Brownlee 2001). 
The oxoaldehydes such as methylglyoxal, formed from glyceraldehyde 3-phosphate (see 
above), react spontaneously with GSH to form hemithioacetal. The glyoxylase pathway of 
two enzymes converts hemithioacetal to S-D-lactoylglutathione via glyoxylase I (E.C. 4.4.1.5), 
and then glyoxylase II (E.C. 3.1.2.6) converts this to D-lactate and thus regenerates GSH 
(Thornalley 1988; Rae, Berners-Price et al. 1990; Beard, Shangari et al. 2003). But if GSH 
concentrations are decreased, the tendency to form hemithioacetal, and flux via the 
glyoxylase pathway is diminished, and methylglyoxal will accumulate.  
Methylglyoxal is increased threefold in NIDDM patients, despite significantly increased 
activity of the glyoxalase I enzyme and this was found to be associated with complications 
of the disease (Thornalley, McLellan et al. 1996). The oxoaldehyde glyoxal can also be 
produced from a slow non-enzymatic autoxidation of glucose (Abordo, Minhas et al. 1999). 
 

 
Fig. 4. Formation of AGEs. In the Maillard or glycation reaction, glucose forms a covalent 
bond with the amine group of an amino acid residue such as lysyl in a protein, resulting in 
the formation of an imine called a Schiff base, which has its covalent bonds rearranged into 
an Amadori product. Further oxidation over a time scale of months results in the formation 
of irreversibly damaged proteins called AGEs.  

Oxidative damage to the lipids of the RBC membrane and alterations in the protein 
cytoskeleton result in RBC adhesion and aggregation, decreased deformability, accelerated 
senescence, and a reduced lifespan with increased macrophage removal (Thornalley 1988; 
Laaksonen, Atalay et al. 1996; Straface, Rivabene et al. 2002; Arese and Schwarzer 2003). 
AGEs have been identified on the RBC surface, and AGE receptors (RAGE) exist on a 
variety of cells, including the vascular endothelium. Binding of AGE to RAGEs on these 
cells leads to vascular damage and complications of cardiovascular disease (Arese and 
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site, so it is also inhibited by oxoaldehydes, glycating agents and oxidative radicals 
(Beisswenger, Howell et al. 2003). The consumption of NADPH decreases the ability of cells 
to regenerate GSH from GSSG, which elevates oxidative stress. Aldose reductase inhibition 
reduces diabetic neuropathy (Brownlee 2001). 
The oxoaldehydes such as methylglyoxal, formed from glyceraldehyde 3-phosphate (see 
above), react spontaneously with GSH to form hemithioacetal. The glyoxylase pathway of 
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concentrations are decreased, the tendency to form hemithioacetal, and flux via the 
glyoxylase pathway is diminished, and methylglyoxal will accumulate.  
Methylglyoxal is increased threefold in NIDDM patients, despite significantly increased 
activity of the glyoxalase I enzyme and this was found to be associated with complications 
of the disease (Thornalley, McLellan et al. 1996). The oxoaldehyde glyoxal can also be 
produced from a slow non-enzymatic autoxidation of glucose (Abordo, Minhas et al. 1999). 
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Schwarzer 2003). This outcome is supposedly due to an inflammatory response and the 
generation of FRs in these cells have a disruptive effect on NO-mediated vasodilation. 
Superoxide in particular can directly cause vasoconstriction and decrease NO. Acute 
hyperglycaemia impairs endothelial cell function within 15 minutes of onset, and produces 
an increase in catecholamine concentrations, hence elevated mean arterial blood pressure 
and heart rate (Marfella, Verrazzo et al. 1995). 

4.2 Oxidation in the aetiology of NIDDM 
Major contributing factors to the development of NIDDM are weight gain and the 
deposition of excessive amounts of visceral fat (waist circumference > 94 cm in men or > 80 
cm in women) (Caterson and Broom 2001). Accumulation of visceral fat is due to a reduced 
capacity to store excess energy subcutaneously, and is seen as a marker of ’dysfunctional 
adipose tissue’ (Rosen and Spiegelman 2006). This fat is more lipolytic (rapidly turned over) 
than subcutaneous fat and less sensitive to the anti-lipolytic effect of insulin. As abdominal 
fat develops, the adipocytes release non-esterified fatty acids (NEFAs), many inflammatory 
products, and FRs (Rosen and Spiegelman 2006). Both the weight gain and inflammation are 
correlated with oxidative stress, which gives them an integral role in the pathogenesis as 
well as the complications of NIDDM. 
Obesity and NIDDM are considered to be inflammatory states, and the concentration of 
plasma C-reactive protein, an inflammatory marker, is elevated in both conditions (Rosen 
and Spiegelman 2006) while macrophages are recruited to the fat deposits (Rosen and 
Spiegelman 2006). The potential for fat deposits to be involved in the inflammatory response 
may be explained by the common ontological and phylogical origin of the liver, 
haemopoietic and immune systems in the fat body, a structure considered to be the 
equivalent of mammal fat tissue. In drosophila, the fat body coordinates pathogen response 
with metabolic status. Specialisation occurred in the mammal, but hepatocytes are still 
found in close association with Kupffer cells (macrophages that are part of the immune 
system) with close access to blood vessels. This suggests overlapping pathways in mammals 
allowing for nutritionally induced inflammation (Hotamisligil 2006).  
The normal physiological response to postprandial hyperglycemia is the secretion of 
insulin from the pancreas into the bloodstream. The hormone binds to its receptor on the 
cell membrane, which via its tyrosine-kinase activity initiates the phosphorylation of a 
tyrosine residue on an insulin receptor substrate (IRS-1). The phosphorylation stimulates 
a second messenger system that alters the metabolic environment in the cell, and causes 
the intracytoplasmic migration of vesicles that contain GLUT4 protein and their fusion 
into the cell’s plasma membrane. GLUT4 mediates the exchange of glucose into the cell, 
thus rapidly lowering blood glucose concentrations to normal values within 2 h 
(Silverthorn 2007).  
When NEFAs accumulate in cells they undergo β-oxidation, forming acetyl-CoA that enters 
the Krebs cycle. The excessive amount of NADH formed passes electrons into the electron 
transport chain, and creates a proton gradient that favours the transfer of the electrons freed 
from a hydrogen atom onto an oxygen molecule, forming many O2●- FRs. Entry of glucose 
into the cell increases amounts of acetyl-CoA even more;  thus inhibiting the 
phosphorylation of tyrosine in IRS-1  as a ‘protective mechanism’ that down-regulates 
insulin sensitivity, reduces glucose entry into the cell, and thus reduces the amount of O2●- 
formed (Ceriello and Motz 2004). The NEFAs increase the concentrations of metabolites 
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such as diacylglycerol, fatty acyl-CoA and ceramides, and these down-regulate the number 
of expressed insulin receptors (Frayn 2003). Inflammatory chemicals like TNF-α also disrupt 
insulin action in the cell by promoting serine phosphorylation of the IRS-1, which also 
down-regulates the cell’s sensitivity to insulin (Hotamisligil 2006). 
 

 
Fig. 5. Formation of AGEs in NIDDM.  Glucose, a reducing sugar with an exposed 
aldehyde group in its acyclic form can directly and non-enzymatically glycate proteins and 
result in AGEs. It can also enter glycolysis and the triose intermediates glyceraldehydes 3-
phosphate and dehydroacetone phosphate can be converted to oxoaldehydes by non-
enzymatic autoxidation, particularly if GAPDH is inhibited by high levels of NADH. These 
oxoaldehydes can glycate proteins and result in AGE formation. Oxoaldehydes can be 
converted to D-lactate using 2 GSH molecules and re-releasing GSH via the glyoxylase 
pathway. Glucose can also enter the sorbitol, or polyol, pathway with the formation of 
another reducing sugar, fructose, which is more reactive than glucose in glycating proteins, 
and causing AGEs. The polyol pathway also depletes NADPH that is required to reduce 
GSSG to GSH. It results in the formation of NADH that inhibits pyruvate production and 
creates a favourable circumstance for more oxoaldehyde formation. Finally, aldehydes such 
as HNE and MDA formed from the peroxidation of PUFAs, can glycate proteins and cause 
AGE formation. The numbers are as follows: (1) aldose reductase (2) sorbitol dehydrogenase 
(3) glycolysis  (4) GAPDH (5) non-enzymatic autoxidation (6) glycoxalase I and II. *NADH 
inhibits (4). 

Randle et al. first showed this reciprocal interaction between the two major fuel sources 
(glucose and NEFAs) in 1963. It is referred to as the glucose-fatty acid cycle: high fatty 
acid oxidation in muscle reduces glucose uptake and oxidation i.e. insulin resistance 
develops (Frayn 2003). Chronically high concentrations of NEFAs released from visceral 
fat travel to the liver and promote hepatic insulin resistance, resulting in an impaired 
glucose tolerance test. Insulin resistance also results in an inability to suppress 
gluconeogenesis in the liver; so glucose production is increased, making the 
hyperglycaemia worse (Van Gaal, Mertens et al. 2006). There is also a change in activity of 
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Schwarzer 2003). This outcome is supposedly due to an inflammatory response and the 
generation of FRs in these cells have a disruptive effect on NO-mediated vasodilation. 
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an increase in catecholamine concentrations, hence elevated mean arterial blood pressure 
and heart rate (Marfella, Verrazzo et al. 1995). 
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Obesity and NIDDM are considered to be inflammatory states, and the concentration of 
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found in close association with Kupffer cells (macrophages that are part of the immune 
system) with close access to blood vessels. This suggests overlapping pathways in mammals 
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insulin from the pancreas into the bloodstream. The hormone binds to its receptor on the 
cell membrane, which via its tyrosine-kinase activity initiates the phosphorylation of a 
tyrosine residue on an insulin receptor substrate (IRS-1). The phosphorylation stimulates 
a second messenger system that alters the metabolic environment in the cell, and causes 
the intracytoplasmic migration of vesicles that contain GLUT4 protein and their fusion 
into the cell’s plasma membrane. GLUT4 mediates the exchange of glucose into the cell, 
thus rapidly lowering blood glucose concentrations to normal values within 2 h 
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insulin sensitivity, reduces glucose entry into the cell, and thus reduces the amount of O2●- 
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such as diacylglycerol, fatty acyl-CoA and ceramides, and these down-regulate the number 
of expressed insulin receptors (Frayn 2003). Inflammatory chemicals like TNF-α also disrupt 
insulin action in the cell by promoting serine phosphorylation of the IRS-1, which also 
down-regulates the cell’s sensitivity to insulin (Hotamisligil 2006). 
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(3) glycolysis  (4) GAPDH (5) non-enzymatic autoxidation (6) glycoxalase I and II. *NADH 
inhibits (4). 
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lipoprotein lipase (E.C. 3.1.1.34) and triglyceride lipase (E.C. 3.1.1.3) activity in the liver, 
resulting in dyslipidaemias of raised total triglycerides and lowered HDL concentrations 
(Caterson and Broom 2001).  
A vital component of the development of NIDDM is diminished pancreatic β-cell function. 
Many obese, insulin-resistant patients do not develop hyperglycaemia. The β-cells can 
increase insulin release up to fivefold, and cell volume by 50%. If blood glucose is raised 
artificially in healthy subjects, insulin sensitivity increases and β-cell function is enhanced 
within 20 h. For NIDDM to develop, the pancreas must be unable to increase insulin 
secretion to compensate for this insulin-resistance. By the stage that the disease is 
diagnosed, the β-cells are operating at 25% or less of their original capacity. The disease is 
progressive, and the functionality of the β-cells progressively declines (Rosen and 
Spiegelman 2006). Once the disease is established, hyperglycaemia has a further glucotoxic 
effect on the β-cells and on insulin sensitivity (Kahn, Hull et al. 2006). Non-esterified fatty 
acids have been shown to act directly on β-cells to regulate glucose-stimulated insulin 
secretion. At first they potentiate the effects of glucose, but prolonged high NEFAs inhibit 
insulin release (Frayn 2003). 

5. Glutathione concentrations and synthesis in NIDDM; A study 
Animal studies show that antioxidants such as GSH improve insulin sensitivity, and clinical 
trials with vitamins C and E and GSH in insulin-resistant non-diabetic subjects improves 
insulin sensitivity (Ceriello and Motz 2004). It has also been shown that pancreatic β-cells 
have few antioxidants, and therefore oxidative stress can damage mitochondria and depress 
insulin secretion in these cells (Ceriello and Motz 2004). However, whether the GSH 
concentration is altered or not in NIDDM is not clear. Quite a few authors report unchanged 
or elevated GSH concentrations in RBCs in diabetes (Matsubara, Ferreira et al. 1992; Sinclair, 
Girling et al. 1992; Di Simplicio, De Giorgio et al. 1995; Laaksonen, Atalay et al. 1996).  
Glutathione is protective in oxidative stress as it forms conjugates with reactive products of 
lipid peroxidation such as HNE, and it participates in the conversion of methyglyoxal to D-
lactate, and scavenges O2●- and H2O2 generated by AGEs (Yoshida, Hirokawa et al. 1995; 
Thornalley, McLellan et al. 1996; Griffith and Mulcahy 1999; Beard, Shangari et al. 2003; 
Beisswenger, Howell et al. 2003; Robertson, Harmon et al. 2003; Constantin, Constantinescu 
et al. 2005; Iles and Liu 2005; Gil, Siems et al. 2006). When loss of GSH occurs, due to an 
increased rate of these reactions, it is important that the metabolic machinery in RBCs react 
with an increased rate of GSH synthesis.  
As mentioned above some authors report unchanged or elevated GSH concentrations in the 
RBCs of NIDDM patients (Caren and Carne 1951; Matsubara, Ferreira et al. 1992; Sinclair, 
Girling et al. 1992; Di Simplicio, De Giorgio et al. 1995; Laaksonen, Atalay et al. 1996; 
Thornalley, McLellan et al. 1996; Atalay, Laaksonen et al. 1997; Straface, Rivabene et al. 2002; 
Nwose, Jelinek et al. 2006; Ozkilic, Cengiz et al. 2006). A second group of authors report 
decreased GSH concentrations in NIDDM (Bono, Caimi.G et al. 1986; Murakami, K. et al. 
1989; Yoshida, Hirokawa et al. 1995; Vijayalingam, Parthiban et al. 1996; Seghrouchni, Drai 
et al. 2002; Memisogullari, Taysi et al. 2003; Sailaja, Baskar et al. 2003; Constantin, 
Constantinescu et al. 2005; Sampathkumar, Balasubramanyam et al. 2005). It has been 
suggested that the GSH synthetic enzymes are glycated when glucose levels are raised, and 
this affects their function (Dincer, Akcay et al. 2002). 
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Where a decrease in GSH concentration is reported it is considered to be indicative of 
increased oxidative stress (Bono, Caimi.G et al. 1986; Tho, Candlish et al. 1988; Murakami, 
K. et al. 1989; Jain and McVie 1994; Yoshida, Hirokawa et al. 1995; Vijayalingam, 
Parthiban et al. 1996; Lang, Mills et al. 2000; Dincer, Akcay et al. 2002; Arese and 
Schwarzer 2003; Beard, Shangari et al. 2003; Martin-Gallan, Carrascosa et al. 2003; Sailaja, 
Baskar et al. 2003; Darmaun, Smith et al. 2005; Sampathkumar, Balasubramanyam et al. 
2005).  
In order to clarify this, a study was conducted to measure the GSH concentrations and rates 
of synthesis in the intact RBCs of 20 NIDDM patients (58.3 ± 2.5 y) with a mean HbA1c of 
8.34 ± 0.2%, and 20 healthy controls (ND group) (46.6 ± 3.3 y) with a mean HbA1c of 5.7 ± 
0.1%. Ten NIDDM subjects were being treated with both insulin and oral hypoglycemics, 
four were receiving insulin alone and six were receiving oral hypoglycemics alone (Whillier, 
Raftos et al. 2008). Ethics approval was obtained from Sydney South West Area Health 
Service, and the Macquarie University Human Ethics Committee. 
Subjects were not fasted prior to sampling their blood. Twelve to 18 mL of blood was 
drawn into 6 mL lithium heparin vacutainers using a 23-gauge needle/butterfly needle 
and barrel. The blood was separated by centrifugation (20 min at 4C and 3000 × g). The 
plasma buffy coat (white cell layer) was aspirated and the packed cells were resuspended 
in 45 mL of washing solution and washed three times. A small sample of blood was used 
to measure the HbA1c using the Micromat TM II HbA1c analyser (280-0016EX) from 
BioRad Laboratories Pty Ltd (Regents Park, NSW, Australia). The RBCs were then 
resuspended to a haematocrit (Hct) of 10% in incubation solution. Samples of an Hct = 
10% suspension were retained to measure the original GSH concentration of the donor’s 
RBCs.  
The Hct = 10% suspensions of intact RBCs were GSH-depleted using 1-chloro-2,4-
dinitrobenzene (CDNB) (Raftos, Dwarte et al. 2006), and then incubated in a solution 
containing substrates for GSH synthesis (alanine, α-ketoglutarate, glycine and N-acetyl 
cysteine) and sampled for total free GSH (TFG) using a DTNB/enzymatic recycling micro-
method developed by Raftos  et al  (Raftos, Dwarte et al. 2006), based on the earlier 
procedures of 5,5’-γ-dithiobis-(2-nitrobenzoic acid) (DTNB)/enzymatic recycling by Tietze 
(Tietze 1969), Owens and Belcher (Owens and Belcher 1965) and Richie et al.  (Richie, 
Skowronski et al. 1996).  The rate of GSH synthesis directly correlates with the rate of 
increase in TFG. Total RBC thiols were measured by Beutler’s DTNB-based method (Beutler 
1975). Plates were read on a multiskan spectrophotometer (Labsystems Original Multiscan 
from Pathtech Pty Ltd, Chatswood, NSW 2067). 
The comparative statistics of the ND and NIDDM subjects are shown in Table 1 below. 
When the RBCs from control and NIDDM subjects were compared, no differences were 
found in their TFG concentration and in the uninhibited rate of de novo TFG synthesis after 
GSH depletion (P > 0.05). The NIDDM and ND control groups were also analysed for 
differences in TFG concentration between males and females, both between and within the 
groups. No differences were found (P > 0.05).  
In subjects with NIDDM, there was a significant increase in TFG concentration with 
increasing age (P = 0.0001 for slope, ANCOVA for TFG, F(1,38) = 7.5624, P = 0.0093), and a 
trend towards an increasing rate of TFG synthesis with age (P = 0.09 for slope, ANCOVA for 
the rate of synthesis, F(1,38) = 1.4826, P = 0.2313). Neither TFG nor TFG synthesis appeared to 
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lipoprotein lipase (E.C. 3.1.1.34) and triglyceride lipase (E.C. 3.1.1.3) activity in the liver, 
resulting in dyslipidaemias of raised total triglycerides and lowered HDL concentrations 
(Caterson and Broom 2001).  
A vital component of the development of NIDDM is diminished pancreatic β-cell function. 
Many obese, insulin-resistant patients do not develop hyperglycaemia. The β-cells can 
increase insulin release up to fivefold, and cell volume by 50%. If blood glucose is raised 
artificially in healthy subjects, insulin sensitivity increases and β-cell function is enhanced 
within 20 h. For NIDDM to develop, the pancreas must be unable to increase insulin 
secretion to compensate for this insulin-resistance. By the stage that the disease is 
diagnosed, the β-cells are operating at 25% or less of their original capacity. The disease is 
progressive, and the functionality of the β-cells progressively declines (Rosen and 
Spiegelman 2006). Once the disease is established, hyperglycaemia has a further glucotoxic 
effect on the β-cells and on insulin sensitivity (Kahn, Hull et al. 2006). Non-esterified fatty 
acids have been shown to act directly on β-cells to regulate glucose-stimulated insulin 
secretion. At first they potentiate the effects of glucose, but prolonged high NEFAs inhibit 
insulin release (Frayn 2003). 

5. Glutathione concentrations and synthesis in NIDDM; A study 
Animal studies show that antioxidants such as GSH improve insulin sensitivity, and clinical 
trials with vitamins C and E and GSH in insulin-resistant non-diabetic subjects improves 
insulin sensitivity (Ceriello and Motz 2004). It has also been shown that pancreatic β-cells 
have few antioxidants, and therefore oxidative stress can damage mitochondria and depress 
insulin secretion in these cells (Ceriello and Motz 2004). However, whether the GSH 
concentration is altered or not in NIDDM is not clear. Quite a few authors report unchanged 
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et al. 2005; Iles and Liu 2005; Gil, Siems et al. 2006). When loss of GSH occurs, due to an 
increased rate of these reactions, it is important that the metabolic machinery in RBCs react 
with an increased rate of GSH synthesis.  
As mentioned above some authors report unchanged or elevated GSH concentrations in the 
RBCs of NIDDM patients (Caren and Carne 1951; Matsubara, Ferreira et al. 1992; Sinclair, 
Girling et al. 1992; Di Simplicio, De Giorgio et al. 1995; Laaksonen, Atalay et al. 1996; 
Thornalley, McLellan et al. 1996; Atalay, Laaksonen et al. 1997; Straface, Rivabene et al. 2002; 
Nwose, Jelinek et al. 2006; Ozkilic, Cengiz et al. 2006). A second group of authors report 
decreased GSH concentrations in NIDDM (Bono, Caimi.G et al. 1986; Murakami, K. et al. 
1989; Yoshida, Hirokawa et al. 1995; Vijayalingam, Parthiban et al. 1996; Seghrouchni, Drai 
et al. 2002; Memisogullari, Taysi et al. 2003; Sailaja, Baskar et al. 2003; Constantin, 
Constantinescu et al. 2005; Sampathkumar, Balasubramanyam et al. 2005). It has been 
suggested that the GSH synthetic enzymes are glycated when glucose levels are raised, and 
this affects their function (Dincer, Akcay et al. 2002). 
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Where a decrease in GSH concentration is reported it is considered to be indicative of 
increased oxidative stress (Bono, Caimi.G et al. 1986; Tho, Candlish et al. 1988; Murakami, 
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Schwarzer 2003; Beard, Shangari et al. 2003; Martin-Gallan, Carrascosa et al. 2003; Sailaja, 
Baskar et al. 2003; Darmaun, Smith et al. 2005; Sampathkumar, Balasubramanyam et al. 
2005).  
In order to clarify this, a study was conducted to measure the GSH concentrations and rates 
of synthesis in the intact RBCs of 20 NIDDM patients (58.3 ± 2.5 y) with a mean HbA1c of 
8.34 ± 0.2%, and 20 healthy controls (ND group) (46.6 ± 3.3 y) with a mean HbA1c of 5.7 ± 
0.1%. Ten NIDDM subjects were being treated with both insulin and oral hypoglycemics, 
four were receiving insulin alone and six were receiving oral hypoglycemics alone (Whillier, 
Raftos et al. 2008). Ethics approval was obtained from Sydney South West Area Health 
Service, and the Macquarie University Human Ethics Committee. 
Subjects were not fasted prior to sampling their blood. Twelve to 18 mL of blood was 
drawn into 6 mL lithium heparin vacutainers using a 23-gauge needle/butterfly needle 
and barrel. The blood was separated by centrifugation (20 min at 4C and 3000 × g). The 
plasma buffy coat (white cell layer) was aspirated and the packed cells were resuspended 
in 45 mL of washing solution and washed three times. A small sample of blood was used 
to measure the HbA1c using the Micromat TM II HbA1c analyser (280-0016EX) from 
BioRad Laboratories Pty Ltd (Regents Park, NSW, Australia). The RBCs were then 
resuspended to a haematocrit (Hct) of 10% in incubation solution. Samples of an Hct = 
10% suspension were retained to measure the original GSH concentration of the donor’s 
RBCs.  
The Hct = 10% suspensions of intact RBCs were GSH-depleted using 1-chloro-2,4-
dinitrobenzene (CDNB) (Raftos, Dwarte et al. 2006), and then incubated in a solution 
containing substrates for GSH synthesis (alanine, α-ketoglutarate, glycine and N-acetyl 
cysteine) and sampled for total free GSH (TFG) using a DTNB/enzymatic recycling micro-
method developed by Raftos  et al  (Raftos, Dwarte et al. 2006), based on the earlier 
procedures of 5,5’-γ-dithiobis-(2-nitrobenzoic acid) (DTNB)/enzymatic recycling by Tietze 
(Tietze 1969), Owens and Belcher (Owens and Belcher 1965) and Richie et al.  (Richie, 
Skowronski et al. 1996).  The rate of GSH synthesis directly correlates with the rate of 
increase in TFG. Total RBC thiols were measured by Beutler’s DTNB-based method (Beutler 
1975). Plates were read on a multiskan spectrophotometer (Labsystems Original Multiscan 
from Pathtech Pty Ltd, Chatswood, NSW 2067). 
The comparative statistics of the ND and NIDDM subjects are shown in Table 1 below. 
When the RBCs from control and NIDDM subjects were compared, no differences were 
found in their TFG concentration and in the uninhibited rate of de novo TFG synthesis after 
GSH depletion (P > 0.05). The NIDDM and ND control groups were also analysed for 
differences in TFG concentration between males and females, both between and within the 
groups. No differences were found (P > 0.05).  
In subjects with NIDDM, there was a significant increase in TFG concentration with 
increasing age (P = 0.0001 for slope, ANCOVA for TFG, F(1,38) = 7.5624, P = 0.0093), and a 
trend towards an increasing rate of TFG synthesis with age (P = 0.09 for slope, ANCOVA for 
the rate of synthesis, F(1,38) = 1.4826, P = 0.2313). Neither TFG nor TFG synthesis appeared to 
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be correlated with age in the ND controls (P = 0.41 for GSH concentration; P = 0.94 for TFG 
synthesis) (Figure 6). 
 

Variable ND subjects NIDDM subjects Comparison 
(P value) 

Age (y) 46.6 ± 3.32 58.3 ± 2.49 P < 0.01 
Duration of illness (y)  15.1 ± 2.5  

HbA1c (%) 5.68 ± 0.08 8.34 ± 0.22 P < 0.005 
TFG concentration 
[mmol (LRBC) -1] 1.91 ± 0.09 1.89 ± 0.10 P > 0.05 

Maximal rate of TFG 
synthesis 

[µmol (LRBC) -1 min -1] 
1.06 ± 0.07 1.14 ± 0.06 P > 0.05 

* All values mean ± SEM 

Table 1. Comparison of ND and NIDDM subjects 
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Fig. 6. RBC GSH concentration and synthesis rate in ND and NIDDM RBCs.  A. Effect of 
age on TFG concentration. For ND controls blue (●), linear regression gave r = 0.20, P = 0.41; 
NIDDM subjects red (□), linear regression gave r = 0.76, P = 0.0001. B. Effect of age on the 
rate of TFG synthesis. For ND controls blue (●), linear regression gave r = 0.02, P = 0.94; 
NIDDM subjects red (□), linear regression gave r = 0.39, P = 0.09. 

Non-diabetic subjects showed a significant correlation between the rate at which the TFG 
was synthesised in their RBCs, and the initial TFG concentration prior to CDNB-dependent 
depletion of TFG (r = 0.71, P = 0.0005). This was not the case for NIDDM subjects (r = 0.05, P 
= 0.731) (see Figure 7). The r and P values in Figure 7 are for the relationship between the 
initial TFG concentration and the rates of TFG synthesis after both variables had been 
corrected for the age of the subject. 
In NIDDM, there was a downward trend in HbA1c with age (-0.017 ± 0.02 % HbA1c  y -1) ( 
Figure 8) but the statistical analysis indicated that this was non-significant with the sample 
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size that was used. Therefore this was investigated in data from a further 6775 NIDDM 
patients where it was found to be significant with a slope of - 0.019 ± 0.002 % HbA1c y -1 (r = 
0.126, P < 0.0001). When TFG concentration and rate of TFG synthesis were corrected for age 
in the NIDDM group, there was no correlation between these two variables and the extent 
of glycation (% HbA1c). 
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Fig. 7. TFG synthesis rate versus concentration in ND and NIDDM  A. For  ND controls 
(age-corrected) blue (●), linear regression gave r = 0.71 (0.69)*, P = 0.0005 (0.0006)*.      B. For 
NIDDM subjects (age-corrected) red (□), linear regression gave r = 0.05 (0.35)*, P = 0.73 
(0.14)*. (*non-age-corrected values). 
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Fig. 8. Relationship between age and HbA1c.  For ND controls blue (●), linear regression 
gave r = 0.06, P = 0.80. For NIDDM subjects red (□), linear regression gave r = - 0.19, P = 
0.43. Additional data from 6775 NIDDM patients showed that the decline in HbA1c with age 
was significant (slope of the linear regression -0.02 ± 0.002 % HbA1c  y -1, r = 0.13, P < 0.0001).  
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be correlated with age in the ND controls (P = 0.41 for GSH concentration; P = 0.94 for TFG 
synthesis) (Figure 6). 
 

Variable ND subjects NIDDM subjects Comparison 
(P value) 

Age (y) 46.6 ± 3.32 58.3 ± 2.49 P < 0.01 
Duration of illness (y)  15.1 ± 2.5  

HbA1c (%) 5.68 ± 0.08 8.34 ± 0.22 P < 0.005 
TFG concentration 
[mmol (LRBC) -1] 1.91 ± 0.09 1.89 ± 0.10 P > 0.05 
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synthesis 

[µmol (LRBC) -1 min -1] 
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Fig. 6. RBC GSH concentration and synthesis rate in ND and NIDDM RBCs.  A. Effect of 
age on TFG concentration. For ND controls blue (●), linear regression gave r = 0.20, P = 0.41; 
NIDDM subjects red (□), linear regression gave r = 0.76, P = 0.0001. B. Effect of age on the 
rate of TFG synthesis. For ND controls blue (●), linear regression gave r = 0.02, P = 0.94; 
NIDDM subjects red (□), linear regression gave r = 0.39, P = 0.09. 

Non-diabetic subjects showed a significant correlation between the rate at which the TFG 
was synthesised in their RBCs, and the initial TFG concentration prior to CDNB-dependent 
depletion of TFG (r = 0.71, P = 0.0005). This was not the case for NIDDM subjects (r = 0.05, P 
= 0.731) (see Figure 7). The r and P values in Figure 7 are for the relationship between the 
initial TFG concentration and the rates of TFG synthesis after both variables had been 
corrected for the age of the subject. 
In NIDDM, there was a downward trend in HbA1c with age (-0.017 ± 0.02 % HbA1c  y -1) ( 
Figure 8) but the statistical analysis indicated that this was non-significant with the sample 
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size that was used. Therefore this was investigated in data from a further 6775 NIDDM 
patients where it was found to be significant with a slope of - 0.019 ± 0.002 % HbA1c y -1 (r = 
0.126, P < 0.0001). When TFG concentration and rate of TFG synthesis were corrected for age 
in the NIDDM group, there was no correlation between these two variables and the extent 
of glycation (% HbA1c). 
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Fig. 7. TFG synthesis rate versus concentration in ND and NIDDM  A. For  ND controls 
(age-corrected) blue (●), linear regression gave r = 0.71 (0.69)*, P = 0.0005 (0.0006)*.      B. For 
NIDDM subjects (age-corrected) red (□), linear regression gave r = 0.05 (0.35)*, P = 0.73 
(0.14)*. (*non-age-corrected values). 
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Fig. 8. Relationship between age and HbA1c.  For ND controls blue (●), linear regression 
gave r = 0.06, P = 0.80. For NIDDM subjects red (□), linear regression gave r = - 0.19, P = 
0.43. Additional data from 6775 NIDDM patients showed that the decline in HbA1c with age 
was significant (slope of the linear regression -0.02 ± 0.002 % HbA1c  y -1, r = 0.13, P < 0.0001).  
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5.1 Discussion of the results 
Researchers are conflicted with regard to the activity of individual enzymes in the GSH 
synthetic pathway in RBCs in diabetic patients. Studies of purified isolated enzymes have 
shown decreased activity of GCL (Murakami, K. et al. 1989; Yoshida, Hirokawa et al. 1995) , 
GR (Murakami, K. et al. 1989; Sailaja, Baskar et al. 2003), GPx (Dincer, Akcay et al. 2002; 
Martin-Gallan, Carrascosa et al. 2003; Memisogullari, Taysi et al. 2003; Sailaja, Baskar et al. 
2003) and GST in NIDDM (Sailaja, Baskar et al. 2003). But these findings are not supported 
by others (Bono, Caimi.G et al. 1986; Matsubara, Ferreira et al. 1992; Vijayalingam, Parthiban 
et al. 1996; Atalay, Laaksonen et al. 1997). More importantly, results obtained from 
individual enzyme concentrates do not necessarily reflect the overall state of GSH synthesis 
and utilisation in intact RBCs. The results of the present study using intact RBCs suggested 
that the enzymes that synthesise GSH are not damaged by glycoxidation.   
When GSH-depleted RBCs are supplied with glucose and the amino acid substrates for GSH 
synthesis, the rate of TFG synthesis increases almost five fold compared to RBCs with 
normal GSH concentration (Raftos, Dwarte et al. 2006). Under these experimental 
conditions, the mean rate of GSH synthesis in RBCs from both NIDDM subjects and ND is 
the same, indicating that enzyme function had not been compromised in the NIDDM RBCs. 
In addition, the pre-depletion mean-TFG concentrations in RBCs in the NIDDM patients 
were the same as the ND subjects; this implies that the circulating RBCs of NIDDM patients 
are capable of increasing their rate of TFG synthesis to compensate for increased oxidative 
loads thought to occur in this disease.  
There is evidence for increased oxidative loads in NIDDM in the present study. In the ND 
group there was a correlation between the rate of GSH synthesis and total GSH 
concentration. If the rate of oxidation were similar in healthy individuals, then the rate of 
synthesis in these individuals would be reflected in the GSH concentration. This was not the 
case in the RBCs from the NIDDM patients, and indicated that the larger variable oxidative 
load in NIDDM interferes with the relationship between the rate of GSH synthesis and the 
GSH concentration achieved in the RBC.  
A novel finding in the present study was an increase in TFG concentration and to a lesser 
extent rate of GSH synthesis with increasing age in the RBCs from the NIDDM group but 
not the ND group. In addition, there was a decrease in HbA1c with increasing age in the 
NIDDM group. This differs from reports on healthy subjects, in which GSH declined with 
age, and GSSG and various markers of oxidative stress, including HNE, increased (Lang, 
Naryshin et al. 1992; Matsubara, Ferreira et al. 1992; Gil, Siems et al. 2006). However, an 
increase in GSH with age in NIDDM has been shown by a few authors and has been 
explained variously as an up-regulation, compensation or stimulation of the GSH 
biosynthetic pathway by either the condition itself and/or the medication used (Matsubara, 
Ferreira et al. 1992; Atalay, Laaksonen et al. 1997; Nwose, Jelinek et al. 2006). In this context, 
the work of Matsubara et al is of particular interest, in showing that although the GSH 
concentration, GR and GPx activities do decrease with age in healthy individuals, in older 
NIDDM patients these values are similar to young healthy subjects. They proposed that the 
GSH redox system of aged subjects with diabetes is stimulated by the condition itself 
and/or its treatment with oral hypoglycaemics and insulin (Matsubara, Ferreira et al. 1992). 
Indeed, a study using in vivo euglycaemic hyperinsulinaemic clamping, found that 
administered insulin reduces RBC oxidative stress and results in a higher GSH/GSSG ratio 
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in NIDDM patients to almost normal levels after 2 h (Bravi, Armiento et al. 2006). The 
decline in HbA1c  seen in the NIDDM group in the present study suggests good management 
of the condition, and/or a decline in the oxidative load; and it may be that the treatment and 
management of the NIDDM patients stimulated the GSH biosynthetic pathway.  
An adaptive response has been described to account for normal GSH concentrations in the 
RBCs of NIDDM patients. Cellular stresses such as hydrogen peroxide, TNF-α, oxidised 
LDL, nitric oxide and particularly HNE, are known to up-regulate GCL. Initially, GST 
mediates the binding of HNE with GSH to form a Michael adduct that is pumped from the 
cell. This results in an initial decline in GSH. But HNE and other stressors themselves 
increase the activity of GCL, and result in an increase in GSH. Increased GCL gene 
expression maintains GSH homeostasis when oxidative stress is increased (Iles and Liu 
2005). GCL consists of a catalytic (GCLC) and a modulator (GCLM) subunit. It is the GCLM 
subunit that increases the rate of GSH synthesis by increasing the Ki for GSH inhibition and 
decreasing the Km for glutamate utilisation (Yang, Dieter et al. 2002); and it has been shown 
that increased circulating concentrations of ROS can up-regulate the production of GCLM in 
certain cell types (Yang, Dieter et al. 2002).  
Another possibility for the observed increase in GSH with age in the NIDDM group is that, 
because this was not a longitudinal study, we may have been witnessing “the survivors” in 
the population age-group who have genetically higher levels of GSH that actually protect 
them from oxidative damage. Some studies suggest this to be the case (Lang, Naryshin et al. 
1992; Julius, Lang et al. 1994). Lang et al (1992) showed that while ~50% of healthy subjects 
between the ages of 60 – 79 y have low GSH concentrations, only ~25% did in the 80 – 99 y 
age group; so they suggested that individuals with low GSH concentrations die before 
reaching 80 y (Lang, Naryshin et al. 1992), and this accounts for their observed mean GSH 
concentrations increasing with age (Julius, Lang et al. 1994). Another study reported normal 
concentrations of three indicators of oxidative stress (GSH, thiobarbituric acid and diene 
conjugates) in elderly (>60 y) NIDDM patients (Sinclair, Girling et al. 1992). Longitudinal 
studies on healthy individuals and subjects with NIDDM are needed to determine whether 
we are observing a true maintenance in GSH concentration in NIDDM patients with age, or 
simply the survival of those with inherently high GSH concentrations. 

6. Conclusion 
Oxidative stress refers to an imbalance between oxidative load and antioxidant defenses. 
Type II diabetes mellitus is considered an inflammatory state with a high oxidative load. 
The accumulation of visceral fat results in the release of NEFAs and FR, and these are 
implicated in the down regulation of the insulin sensitivity of plasma membranes and in the 
inhibition of the release of insulin from the pancreas. The resulting hyperglycaemia causes 
the formation of AGEs and FR that damage endothelial linings, the kidney, nervous tissue, 
and the eye; and this manifests as the many complications of the disease.  
Glutathione is an endogenously produced antioxidant that protects cells by virtue of the 
reducing power of its thiol group located on the cysteine moiety of the tripeptide. Red blood 
cell GSH constitutes a large mobile antioxidant pool that is able to scavenge ROS and protect 
tissues in the body. Glutathione is beneficial in oxidative stress in conjugating reactive 
products and scavenging FRs. It is important that the metabolic machinery of the RBC reacts 
to increase the rate of GSH synthesis when oxidative loads are high. 
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There is controversy in the literature on the role of GSH in NIDDM, with various authors 
reporting increased, unchanged, or decreased concentrations of RBC GSH. The results of the 
study presented here are unique in showing that the intact RBC maintains its ability to 
synthesise GSH at the same rate as found in healthy controls when given glucose and the 
amino acid substrates. This suggests that the enzymes involved in the metabolic pathway 
function normally. A surprising finding was an increase in TFG concentration and rate of 
synthesis with increasing age in NIDDM subjects but not in ND subjects; and a decrease in 
HbA1c levels with increasing age in NIDDM subjects. It is proposed that the treatment of the 
condition in the form of insulin and/or oral hypoglycaemics causes an upregulation in the 
GSH pathway. It is also proposed that older subjects who were seen in this study are “the 
survivors” with genetically higher concentrations of GSH, which suggests an overall 
protective function of this antioxidant in this disease.  
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1. Introduction  
Distal symmetrical polyneuropathy is the most common form of neurological complications 
in diabetes mellitus (DM). It is sensory-motor polyneuropathy dominated by sensitive 
symptoms and signs, primarily decrease or loss of sensibility in distal parts of extremities, or 
positive symptoms of prickling, burning pain and tingling. These symptoms can be 
extremely unpleasant for patients but at the same time they are a huge therapeutic problem 
as well. Motor symptoms and signs in early phase of DSP are often absent, although by 
neurophysiologic tests motor fibers damaging signs can be detected and this damage often 
leads to loss of functions in patients in advanced phase of the disease. The most significant 
clinical consequence of sensitive and autonomic fibers damage is feet ulceration, what is a 
leading cause for hospitalization and for lower extremities amputations, if trauma factors 
are excluded. Thus, diabetic DSP is important not only for clinical reasons but for economic 
ones as well, especially regarding the fact that DM prevalence is rapidly growing. For many 
years scientists have done numerous researches for therapeutic solutions to prevent, delay 
or slow the progression of the disease, aiming to better understanding of ethiopathogenesis 
of this disease. Special attention has been paid to oxidative stress (OS) role in pathogenesis 
of DM and diabetic neuropathy. Despite numerous experimental confirmations of OS in 
diabetic patients, there is still controversy about whether oxidative stress is just a side effect 
or it is a possible cause of diabetic neuropathy. More than thousand studies about this 
problem have already been reported and since this problem is not completely solved, 
further investigations are required. Therefore, a good knowledge of biochemistry of 
oxidative stress, cell signal transduction and  antioxidative protection is necessary. 

2. Biochemistry of oxidative stress 
Oxidative stress is a consequence of the imbalance between reactive oxygen species (ROS) 
production and antioxidant capacity. This can occur as a result of either increased ROS 
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2. Biochemistry of oxidative stress 
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generation, impaired antioxidant system, or a combination of both. Free radicals are defined 
as an atoms or molecules that contain one or more unpaired electrons, making them 
unstable and highly reactive (Halliwell , 1999). The most important free radicals are reactive 
oxygen species (ROS) and reactive nitrogen species (RNS). ROS include free radicals such as 
superoxide (O2-), hydroxyl (OH), peroxyl (RO2), hydroperoxyl (HRO2-) as well as nonradical 
species such as hydrogen peroxide (H2O2) and hydrochlorous acid (HOCl) (Turko et al., 
2001; Evans et al., 2002; Ziegler, 1994; Soliman & Gellido,2004.). Other non-oxygen species 
existing as reactive nitrogen species (RNS) include free radicals like nitric oxide (NO) and 
nitrogen dioxide (NO2-), as well as nonradicals such as peroxynitrite (ONOO-), nitrous oxide 
(HNO2) and alkyl peroxynitrates (RONOO) (Ziegler, 1994; Soliman and  Gellido,2004).  
In aerobic cells, free radicals are constantly produced mostly as reactive oxygen species. 
Once produced, free radicals are removed by antioxidants defenses including enzyme 
superoxide dismutase, catalase and gluthation peroxidise. Reactive oxygen species, 
including nitric oxide and related species, commonly exert a series of useful physiological 
effects. However, imbalance between prooxidant and antioxidant defenses in favour of 
prooxidants results in oxidative stress associated with the oxidative modification of 
biomolecules such as lipids, proteins and nucleic acids.  
Hyperglycemia is the main cause of increased concentration of free radicals in the plasma of 
diabetic patients. 
Chronic hyperglycemia causes oxidative stress (OS) in a number of ways including 
enzymatic,  non-enzymatic and mitochondrial pathways,  thus disrupting the 
prooxidative/antioxidative balance in cellular systems. 
Nonenzymatic sources of oxidative stress originate from the oxidative biochemistry of 
glucose. Hperglycemia can directly cause increased ROS generation. Glucose can undergo 
autoxidation and generate OH radicals. A second consequence of hyperglycemia is 
nonenzymatic glycation of proteins.    
Nonenzymatic glycation of proteins implies the ability of glucose to react in a nonenzymatic 
process with proteins, reducing molecular oxygen to highly reactive products (superoxide 
radical, hydrogen peroxide, and hydroxyl radical). The glycation process occurs in two 
phases: early – reversible, and late – irreversible phase. The early phase is characterized by 
the development of Amadori products followed by formation of stable adducts - advanced 
glycation end products (AGEs) in the later phase. The production of intracellular AGE 
precursors damages target cells via three pathways. First, intracellular proteins, modified by 
AGE, alter their own function. Second, extracellular matrix components modified by AGEP 
precursors interact abnormally with other matrix components and with matrix protein 
receptors on the cells. Third, plasma proteins modified by AGE precursors bind to the AGE 
receptors on endothelial cells, mesangial cells, and macrophages, causing receptor-mediated 
production of reactive oxygen species (ROS). 
Enzymatic sources of augmented generation of reactive species in diabetes include NOS, 
NAD(P)H oxidase and xanthine oxidase (Guzik et al.,2000; Guzik et al., 2002; Aliciguzel et 
al.,2003) , where it is considered that the NAD(P)H oxidase is the major source of 
O2

−productionf (Guzik, 2000; Ergul et al., 2004).  
The mitochondrial respiratory chain is another source of nonenzymatic generation of 
reactive species. Hyperglycemia-induced generation of •O2- at the mitochondrial level is the 
initial trigger of vicious cycle of oxidative stress in diabetes (Schultz et al., 2005, Nishikawa 
et al., 2000, Brownlee, 2001). Iincreased generation of ROS,  especially O2- precedes the 
activation of four major pathways involved in the development of diabetic complications. 

The Role of Oxidative Stress in Pathogenesis of Diabetic Neuropathy: Erythrocyte  
Superoxide Dismutase, Catalase and Glutathione Peroxidase Level in Relation to....  

 

155 

In hyperglicemia there is enhanced metabolism of glucose through the polyol (sorbitol) 
pathway, which also results in inhanced productions of O2-. Glucose is a poor substrate for 
aldose reductase, but at high concentrations this enzyme converts glucose to sorbitole, 
initiating the polyol pathway of glucose conversion to fructose. 
This pathway of glucose metabolism implies the participation of aldosoreductase enzyme, 
which using the NADPH cofactor, catalyzes the reduction of glucose into sorbitol, which 
can be further transformed into fructose. Aldosoreductase is widespread in the mammalian 
tissues such as peripheral nerves, retina, renal glomeruli, eye lenses. Stimulation of this 
pathway in hyperglycemic conditions is one of the pathogenetic mechanisms responsible for 
the development of diabetic neuropathy, nephropathy, and cataract. Activation of this 
pathway leads to structural changes in the tissues via several mechanisms, out of which 
most significant are increased osmotic pressure in the cell, depletion of myoinositol, and 
disordered redox potential of the cell due to reduced NADPH concentration, on the account 
of which the activity of NADPH dependent enzymes (including glutathione reductase and 
NO synthase) is diminished. Reduced production of NO leads to vasoconstriction, and 
impossibility of reduced glutathione regeneration in the so called glutathione redox cycle 
leads to depletion of reduced glutathione, since it is regenerated by the action of NADPH-
dependent glutathione reductase (Garlberg & Mannervik, 1975), ultimately producing a 
permanent oxidative stress. Change of redox status of the cell, as determined by the cellular 
content of thiol compounds, glutathione above all, is a significant factor in the regulation of 
signal transduction to appropriate genes. This signal transduction pathway is effectuated 
via so called redox sensors which react to any change of concentration of intracellular thiols 
responsible for upkeeping of the cellular redox status. Numerous regulatory transcription 
factors supress transcription if bound in reduced state to regulatory sequences of certain 
genes. In the absence of GSH in the cell and in the state of intensified polyol metabolic 
pathway, the oxidized form of regulatory nuclear transcription factors loses the affinity for 
regulatory gene sequence, which results in increased transcription and synthesis of 
appropriate functional and structural proteins responsible for complications in diabetes and 
dysregulation of glucose metabolism homeostasis. Disturbed redox potential initiates the 
activation of stress-signaling cascade, resulting in direct activation of other kinases and 
transcription factors and/or indirect modulation (oxidation) of cysteine-rich redox-sensitive 
proteins, such as thioredoxin and glutathione S-transferase (Adler et al., 1999). 

2.1 Modulation of cell signal transduction  
Results of recent clinical and experimental in vivo and in vitro studies unequivocally suggest 
that DM is a disease followed by intensified oxidative stress which modulates numerous cell 
transduction pathways (Pavlović et al.,2002;Tomlinson & Gardiner,2008). This eventually 
results in tissue damage and the emergence of numerous diabetic complications,  including 
peripheral neuropathy.  
Hyperglycemia leading to oxidative stress induces diabetic complications via two signaling 
pathways: activation of protein kinase C (PKC) (Tomkin, 2001), and activation of mitogen-
activated protein kinases  (MAPK) (Tomlinson, 1999).  PKC represents a family of 
multifunctional enzymes synthesized on at least three separate genes. They play a 
fundamental role in signal transduction in various tissues via phosphorylation (up and 
down regulation) of enzymes, receptors, transcription factors, and other kinases. PKC family 
consists of at least 11 isoforms, out of which 9 are activated by way of lipid secondary 
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messenger diacylglycerol (DAG). High glucose concentration increases the level of DAG 
stimulating de novo synthesis of DAG, which activates PKC. Hyperglycemia can also 
activate PKC isoforms via AGE receptors (Portilla et al., 2000) and by increased activity of 
the polyol pathway (Keogh, Dunlop & Larkins,1997.), probably by incresing reactive oxygen 
species (ROS). Intensified DAG-PKC signaling pathway is responsible for the disorders 
which represent the basic mechanisms in the development of vascular complications in 
diabetes mellitus. 
In the complex process of signal transduction there are interactions of numerous receptor 
proteins and impulses are being amplified, so that joint, cascade pathways of signal 
transduction may be talked about. One of these pathways is the PKC-MAPK signal 
transduction pathway (Tomlinson & Gardiner,2008). Specific isoforms of PKC can activate 
MAPK, which via phosphorylation of transcription factors lead to altered expression of 
certain genes, making conditions for the change of cellular phenotype, apoptosis, or survival 
with a resultant disbalance producing complications in particular organs and systems. Thus 
MAPK activation represents a key event in the development of diabetic complications, 
especially diabetic neuropathy. Activation of this signaling pathway induces changes at the 
level of ion channels or disturbed gene expression, directly leading to nerve conduction 
disorders and development of axonopathy. 
MAP kinases  are group of serin/threonine specific kinases which are activated in response 
to extracellular stimuli through dual phosphorylation at conserved threonine and tyrosine 
residues.   There are three main groups of MAP kinases: extracellular signal-regulated 
protein kinases (ERK), p38 and c-Jun N-terminal kinases (JNK). Results of recent clinical and 
experimental in vivo and in vitro studies show that all three groups of MAP kinases are 
activated in sensory neurons in hyperglicemia conditions in both diabetic rats and patients. 
(Purves at al, 2001) . In general the JNK and p38 group mediate responses to osmotic stress 
and is likely to be involved in the regulation of aldose reductase expression . Activation of 
p38 MAPK results in generating reduced nerve conduction velocity (NCV). These changes 
in NCV results from phosphorilation of the sodium channel Na 1.6 (Wittmack et al., 2005), 
which is the main voltage-activated channel at the node of Ranvier in myelinated fibres. In 
later stages of DM, other factors prevail:  neurofilaments  perturbation occurs, as a result of 
JNK activation and hyperphosphorylation of neurofilament proteins. 

2.2 Antioxidant protection 

The biological oxidative effects of free radicals on macromolecules are controlled by a 
spectrum of enzymatic and nonenzymatic antioxidants. Intracellular antioxidative defense is 
primarily enabled by the antioxidative enzymes,  most significant of which are SOD,  CAT 
and GSH-Px (Andrea et al.,2004; Maritim et al., 2003; Szaleczky et al., 1999; Djordjević, 2004). 
These three antioxidant enzymes differ in their structure, tissue distribution and cofactors 
required for functioning. SOD works as the first line of enzymatic protection against 
superoxide radicals. This enzyme catalyses the dismutation of superoxide anion radicals 
into hydrogen peroxide and oxygen. Hydrogen peroxide is further metabolized by CAT and 
GSH-Px,  and  due to lower Km values,  GSH-Px is active in lower concentrations of 
hydrogen peroxide,  while CAT activity increases with increased hydrogen peroxide 
concentration (Djordjević, 2004; Djordjević et al.,2000). Glutathione, together with its related 
enzymes, comprises a system that maintains the intracellular reducing environment and acts 
as primary defense against excessive generation of harmful ROS. 
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During reduced antioxidative protection and/or increased production of free radicals,  OS 
occurs, playing an important role as a mediator of the apoptosis of  both neurons and 
supportive glial cells,  which has been confirmed in studies using animal models and tissue 
cultures (Schmeichel et al.,2003; Russel et al., 1999;Russel et al., 2002; Polydefkis et al., 2003; 
Person et al., 2003; Chiarelli et al., 2000; Sakaue et al., 2003). 

2.2.1 Superoxide dismutase (SOD) 
SOD catalyzes the conversion of superoxide anion into hydrogen peroxide and oxygen. 

O2
− + O2

− + 2H+ → H2O2 + O2 

SOD activity was originally described by McCord and Fridovich in 1969 (Szaleczky et al., 
1999); they subsequently established that this enzyme is essential in sustaining life in aerobic 
conditions (McCord et al.,1971). There are several forms of SOD. These are metalloproteins, 
each containing a metal ion in its center (CuZn SOD, Mn SOD, Fe SOD, and Ni SOD) 
(Fridovich,1998). Fe SOD can be found in procaryotes and plants, while in humans intra- 
and extracellular CuZn SOD as well as mitochondrial Mn SOD were identified. 
Intracellular CuZn is composed of two identical subunits (Tainer et al.,1982), each 
containing Cu (II) and Zn (II). Cu (II) is responsible for catalytic activity of SOD, while Zn 
(II) has a role in the stabilization of enzyme conformation (Djordjević, 2004). Cytosolic CuZn 
SOD can be inactivated by hydrogen peroxide, leading to the formation of either Cu (II) –
OH or the ionized form Cu (II) –O-. This enzyme can further catalyze peroxidation of 
various substances. The gene coding for CuZn SOD is located on chromosome 21. In 
connection with that, the results of some studies have demonstrated a significantly elevated 
activity of this enzyme in the patients with Down syndrome (Kurobe  et al.,1990). 
Extracellular SOD (ECSOD) is structurally similar to intracellular SOD, but it is present in 
the extracellular space. The gene for ECSOD is located on the chromosome 4. ECSOD is a 
tetrameric glycoprotein, each subunit of which contains a Cu and Zn atom and has a high 
affinity for heparin sulphate, enabling its existence in relatively high concentrations in 
specific regions of extracellular space or on the cell surface. ECSOD expression is principally 
regulated by cytokines, such as IFNγ, which stimulates the enzyme expression, while TNFα 
and TGFβ reduce its expression (Marklund,1992). Reduced ECSOD expression lead to 
reduced mitochondrial GSH and increased oxidative stress (Lebovitz RM et al.,1996). 
ECSOD is also significant in modulating NO activity. The superoxide can react with NO and 
form peroxynitrite, which by way of dissociation can form both hydroxil radical and nitric 
dioxyde, potent oxydants (Fukai T et all, 2000; Oury TD et al., 1996). 
Mitochondrial SOD (MnSOD) is located in the mitochondrial matrix. There are two isoforms 
of MnSOD, dimeric MnSOD and tetrameric MnSOD, each subunit of which contains one Mn 
(III) ion. It is produced in a constitutive manner, but can also be induced by IL-1, TNF, or an 
endotoxin (Tang et al.,1994). In addition to cytokines, numerous oxygen metabolites can also 
induce MnSOD expression in particular cell types, which can be of critical importance in the 
occurrence of tissue damage in the situation of oxidative stress (Djordjević, 2004; Yoshioka T 
et al.,1994). It is believed that transcriptional regulation of MnSOD is mediated by the 
activation of nuclear transcription factor κB (NF- κB), supported by oxidants. Congenital 
complete inactivity of MnSOD lead to lethal outcome within few days after birth due to 
renal dysfunction (Lebovitz RM et al.,1996). 
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2.2.2 Catalase (CAT) 
Catalase is a homotetrameric enzyme found in the tissues of almost all mammals, and 
demonstrating the highest activity in the liver and erythrocytes. Within the cell, catalase is 
localized primarily in the peroxisomes and mitochondria. The principal role of catalase lies 
in the degradation of H2O2, produced with support of peroxisomal oxidases. In the 
erythrocytes, catalase constitues the first line of defense against H2O2 (Mueller et al., 1997). 
In the situations of normal H2O2 concentration, the reaction goes towards H2O2 conversion 
into water and oxygen:  

Catalaza + 2 H2O2 → Compaund I + H2O 

Compaund I + H2O2 → Katalaza + H2O + O2  

The second H2O2 molecule serves as the donor of hydrogen ion. 
In the situations of low H2O2 concentration and in the presence of small molecular electron 
donors, catalase may act as peroxydase as well (Ghadermarzi & Moosavi-Movahedi,1996). 
Catalase forms a firm bond with NADPH, which can prevent the accumulation of inactive 
forms of the enzyme slowly created when catalase is exposed to hydrogen peroxide. These 
effects of NADPH are evident in low concentrations in the cell as well (<0.1 μM) (Kirkman 
et al., 1987). 
Numerous diseases can be accompanied with altered catalase activity. Reduced catalase 
activity has been documented in diabetes mellitus (DM), malignant diseases, Down 
syndrome, as well as in regenerating tissues and in experimental conditions of 
nephrotoxicity (Djordjević et al., 2000). Since catalase has a predominant role in the control 
of H2O2 concentration (Mueller et al., 1997; Gaetani et al., 1996), which has been shown to 
damage pancreatic β cells and inhibits insulin activity (Murata et al.,1998; Tiedge et al., 1998; 
Jorns et al., 1999), it is believed that catalase in that manner protects β cells from the harmful 
action of H2O2 (Murata et al.,1998). 
In the literature, two categories of genetic deficiency of erythrocyte catalase have been 
described (Eaton and Ma, 1995): acatalasemia (<10% of normal activity) and 
hypocatalasemia (about 50% of normal activity). In Hungary, a family with acatalasemia 
and 12 families with hypocatalasemia have been reported (Góth & Eaton, 2000; Góth, 1992; 
Vitai & Góth, 1997). These families comprised 2 acatalasemic individuals, 61 individuals had 
hypocatalasemia, while 66 individuals had normal values of catalase. In the group with 
hereditary catalase deficiency, the incidence of diabetes was 12.7%. DM was diagnosed in 8 
persons, in both acatalasemic and 6 persons with hypocatalasemia; all of them had DM type 
2. None of those with normal catalase values had DM. These data can indicate the 
significance of catalase in the pathogenesis of DM. 

2.2.3 Glutathione peroxidase (GSH-Px) 
GSH-Px is a selenium-dependent enzyme naturally occurring in three isoforms. The so 
called „classical“ GSH-Px is a homotetramer with a molecular mass of 80 kDa, containing 
four atoms of selenium. GSH-Px demonstrates a special affinity for hydrogen peroxide and 
glutathione (Djordjević, 2004). It reduces H2O2 and organic alkaline hydroperoxides into 
water and appropriate alcohols, and oxidizes GSH into an appropriate disulfide (GSSG). 

2GSH + H2O2 (ROOH) → GSSG + ROH +H2O 
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GSSG is converted back into GSH by glutathione reductase, which utilizes NADPH for its 
activity. It is thought that NAD(P)H, by itself, as an antioxidant, can act as a scavenger of 
toxic free radicals, as well as the radicals originating from repaired biomolecules (Kirsch and  
De Groot, 2001). The classical, selenium-dependent GSH-Pxs, isolated from various organs 
(erythrocytes, liver, lungs), demonstrate similar features and catalytic properties regardless 
of their origin. The maximum rate of reaction of GSH-Px depends on the concentrations of 
GSH and H2O2. In contrast to catalase, GSH-Px demonstrates a higher affinity for the 
substrate (H2O2) at low H2O2 concentrations, since the Michaelis constant (KM) of peroxidase 
is lower than that of catalase. That is why GSH-Px plays a key role in the tissue detoxication 
from H2O2 at low H2O2 concentrations and normal GSH concentrations, while catalase is 
actively involved at higher H2O2 concentrations in the cell. The role of GSH-Px in 
erythrocytes is predominantly associated with detoxification from organic hydroperoxides 
and with keeping in reduced state the SH groups of structural and functional erythrocyte 
proteins, while its role in H2O2 degradation is of a lesser significance compared to catalase. 
The activity of erythrocyte selenium-dependent GSH-Px correlates with the erythrocyte 
content of selenium, so that the activity of this enzyme can be used as a functional index to 
assess selenium deficiency. 
The second type of peroxidase is extracellular GSH-Px, with a molecular mass of 21.5 kDa. It 
is a tetramer too, the subunits of which contain an atom of selenium each. It is thought that 
extracellular GSH-Px is most important regarding the reduction of H2O2 in the plasma. 
GSH-Px in the plasma is a glycoprotein, believed to be most probably a secretory enzyme 
released from organ cells into the plasma. This enzyme demonstrates significant kinetic 
differences compared to erythrocyte GSH-Px. In contrast to erythrocyte GSH-Px, GSH-Px in 
the plasma demonstrates saturation kinetics compared to GSH (Đorđević et all, 2000). The 
activity of this enzyme declines with increased glutathione via the value of saturation 
concentration for GSH of 5 mmol. Moreover, GSH-Px in the plasma demonstrates higher 
affinity for organic hydroperoxides and H2O2. It is thought that selenium-dependent plasma 
GSH-Px is responsible for the process of detoxication from H2O2 and organic 
hydroperoxides created in the process of synthesis of eicosanoids in entothelial cells 
(Đorđević et all, 2000). Although the concentration of reduced glutathione in the plasma is 
very low, it is conceivable that the change in glutathione concentration (interorgan 
distribution, release from the liver into the plasma) can modulate the enzyme activity. 
The third type of peroxidase is phospholipid hydroperoxide GSH-Px (PHGpx). It is too a 
selenium-dependent enzyme which differs from the first two types in view of the substrate 
and localization. PHGpx is a monomer, with the molecular mass of 23 kDa. This enzyme has 
a special characteristic – it directly reduces lipid hydroperoxides in the membranes. 
Reduced GSH-Px activity can be found in numerous pathologic conditions and diseases, 
such as in chronic etilism, chronic renal insufficiency, hypertension, endemic nephropathy 
(Djordjević  et all 1998). Altered GSH-Px activity can also be detected in DM (Kaji et al., 
1985; Cser et al., 1993; Matkovics et al., 1982). 
GSH-Px activity in the nervous system is low (in both peripheral nerves and in the central 
nervous system). Low values of GSH-Px compared to catalase activity in the peripheral 
nerves could lead to the conclusion that this enzyme has a minor role in H2O2 inactivation. 
However, GSH-Px function is prominent in the mitochondria, where the enzyme is 
necessary for the inactivation of H2O2 generated during the electron transport (McClain and 
Crook , 1996) where the catalase activity is insufficient. 
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2.2.2 Catalase (CAT) 
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Compaund I + H2O2 → Katalaza + H2O + O2  
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2.2.4 Glutathione (GSH) 
Glutathione is one of the most important nonenzymatic antioxidant in mammal cells. This 
ubiquitous tripeptide (γ-Glu-Cys-Gly) accounts for 90% of total non-protein sulphydril 
compounds in the cell. In the cell, it is most commonly found as a thiol – in a reduced form – 
and less as a disulfide – in an oxidized form (Toyokuni, 1996; Hann et al., 1990; Natarajan, 
1995).  
GSH concentration in the cell is determined by the control of enzymes involved in its 
synthesis, availability of synthesis precursors, intensity of GSH depletion for cellular 
detoxification processes, interorgan GSH distribution, as well as GSH regeneration in the so 
called glutathione redox cycle. 
Erythrocytes represent a unique transport system for glutathione and its conjugates. In 
contrast to other cells, GSH appears in erythrocytes in several intermediary metabolic forms. 
In physiologic conditions, reduced GSH form appears in the highest percentage. The other 
GSH form is oxidized glutathione (GSSG), occurring in the process of nonenzymatic 
oxidation or oxidation mediated by GSH-peroxidase. The third erythrocyte form is the 
disulphide form of glutathione bound to proteins and non-protein sulphydril compounds. 
Glutathione S-conjugates (occurring via the action of glutathione S-transferase) are the 
fourth potential intracellular-intermediary form of GSH in the erythrocytes. Erythrocytes 
take up toxic molecules from the plasma, to be excreted back into plasma after conjugation 
with GSH. Further detoxification of S-conjugates continues in the liver and kidneys; non-
toxic compounds are then excreted from the organism via the bile or urine. 
GSH is involved in many cellular functions. Many cells synthesize GSH de novo by γ-
glutamyl transferase, forming firstly a γ-peptide bond between one cystein and one 
glutamate residue. The next phase is the addition of glycine, assisted by GSH synthetase. 
Neurons do not contain γ-glutamyl-cystein synthetase; instead, GSH is synthesized in the 
glial cells controlling this synthesis via the mechanisms of transcription regulation (Iwata-
Ichikawa  et al., 1999; Keelan et al., 2001). It is thought that during the evolution, depending 
on the cellular metabolic needs, glutathione is engaged in the regulation of different 
processes. Though the role of glutathion has been commonly associated with the protection 
of the cell from active free radicals, glutathione is involved in many other processes such as 
detoxification from xenobiotics, synthesis of eicosanoids, synthesis of nucleic acids and 
proteins, cell signaling, proliferation, and differentiation (Djordjević,2000). However, its 
essential role lies in the protective antioxidant system. GSH, GSH-Px, GSH-transferase, 
GSH-reductase, and NAD(P)H constitute an antioxidant system of glutathione, in which 
GSH-reductase and NAD(P)H are required for the reduction of oxidized glutathione and 
consequential glutathione recycling in the so called glutathione redox cycle. Depletion of 
GSH in the cell increases its sensitivity to oxidative damage (Rizzardini et al., 2003). In 
contrast, accumulation of GSH in the cell, especially in the mitochondria, can prevent neural 
apoptosis caused by ischemia (Li et al., 2002) and excitotoxicity (Kobayashi et al., 2000). The 
involvement of GSH in the limitation of prooxidative cell status, has as the ultimate 
consequence deceleration of aging, atherogenesis, mutagenesis, and cancerogenesis 
(Anghileri and Thouvenot ,1997; Vostreis  et al., 1988)  

3. Aim of study 
Research in patients with diabetic neuropathy (DN) is mainly based on studying the 
influence of antioxidative substances on certain biomarkers of oxidative stress and on the 
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function of peripheral nerves (Ziegler et al., 1995; Reljanović et al., 1999; Ziegler et al., 1999; 
Ametov et al., 2003; Ziegler and Gries, 1997; Ziegler et al., 1997). However, there are no 
enough studies, testing the direct correlation between prooxidative/antioxidative 
parameters and the development of DN,  especially in humans. Additional difficulties occur 
when different kinds of reactive oxygen are directly determined in biological systems due to 
their short life. For this reason,  the measurement of oxidative stress is mainly based on 
indirect and non-specific measurement of products of their activity.  
Considering that antioxidant enzymes are important biomarkers of oxidative stress, the aim 
of this study was to determine the activities of antioxidant enzymes (SOD, CAT, GSH-Px)  
and glutathione in the erythrocytes of patients with type 2 diabetes mellitus (DM) in relation 
to presence or absence of distal symmetrical polyneuropathy  (DSP), as well as to analyze 
the possible connection between the activity of these antioxidant parameters and the 
function of peripheral nerves. In this way we tried to determine the level of antioxidant 
defense in erythrocytes of diabetic patients and to establish the potential role of oxidative 
stress in the development of diabetic neuropathy.  

4. Materials and methods  
The research took the form of a prospective study,  which included 100 patients suffering 
from type 2 DM and diabetic distal symmetric polyneuropathy (DDSP). Patients suffering 
from another acute or chronic illness,  patients previously subjected to cytotoxic therapy or 
radiotherapy,  and patients who had been treated with antioxidative substances were 
excluded from the experimental group. The control group gathered 50 healthy individuals 
who denied ailments and diseases and whose clinical observations and laboratory tests 
showed no abnormalities. The DDSP was diagnosed after clinical and electrophysiological 
testing.  
The electrophysiological testing checked the conductivity of sensory and motor fibers of 
upper and lower extremity peripheral nerves. Due to the symmetric nature of the disease,  
the protocol included the unilateral (right) testing of sural,  peroneal,  tibial,  ulnar and 
median nerves. We analyzed the latency,  amplitude,  and conduction velocity of the tested 
nerves. The minimal criterion for the electrophysiological validation of diabetic neuropathy 
(DN) was the abnormality of any electroneurographic (ENG) conduction parameter in at 
least two nerves,  one of which had to be sural nerve (England et al., 2005). The values of 
tested electroneurographic parameters were expressed as the score from 1 to 4,  where 1 
corresponded to a normal result,  while 4 meant that the motor or sensory evoked potential 
was absent. The ENG testing was carried out on the ENG device (Schwartzer,  Mios 2+). 
During the testing,  the surface electrodes were used: the stimulation electrode – for the 
electrical stimulation of the peripheral nerve and the registration electrode – for the 
registration of the motor evoked potential (MEP). In order to increase the diagnostic 
sensitivity of the electrophysiological tests,  in addition to the standard ENG,  we also tested 
the conduction sensitivity of the median plantar nerve. Since the sensory evoked potential 
(SEP) amplitude of medial plantar nerve is distinctly low,  a separate technique was used to 
test this on an evoked potential device (Medelec Sapphire 2). A large number (236) of 
stimuli were used and the values were subsequently averaged by the computer. The 
following parameters were analyzed: the peak latency of the sensory neurogram, expressed 
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in milliseconds,  and the amplitude of the sensory neurogram,  expressed in µV. The 
stimulation was carried out with a surface electrode positioned on the plantar part of the 
thumb. The response was registered via a surface electrode located behind the internal 
malleolus,  proximal to the retinaculum flexorum.  
Laboratory analysis determined the level of morning glycemia and glycosylated hemoglobin 
(HbA1c) by the standard laboratory tests from the venous blood of patients and halthy 
persons. Erythrocyte SOD activity was determined by a commercial test Ransod provided 
by Randox (Randox Laboratories,  Crumlin,  UK), based on the McCord and Fridovich 
method (Mccord and Fridovich, 1969). Erythrocyte CAT activity was determined by the 
method of Beutler (Beutler, 1982).  Erythrocyte GSH-Px  activity was determined by 
commercial test Ransel (Randox Laboratories, Crumlin, UK). Glutathione was measured as 
total glutathione in the erythrocytes as described by Tietze (1969).  Caiman′s GSH Assay kit 
utilizes a carefully optimized enzymatic recycling method, using glutathione reductase for 
quantification of GSH. 
Statistical method: To process results we used widely accepted statistical techniques: means 
and standard deviation,  statistical significance calculation tests,  correlation tests. We 
utilized standard statistics software tools (Origin Pro and MATLAB Statistics Toolbox). The 
results are presented as mean ± SD. 

5. Results 
The study encompassed 100 type 2 DM patients who showed signs of distal symmetrical 
polyneuropathy, whose average age was 58.62±11.62 years. The average duration of the 
disease was 11.32±7.05 years. The control group included 50 healthy individuals, whose 
average age was 51.64±12.25 years (Tab. 1). There was significant increase in glycemia and 
HbA1c values in the patients compared with the control group (*p<0. 0001). 
 

 Number Sex(M/F)
Age 
(years) 
mean ±SD 

Duration 
of  
DM 
(years)  

Glycemia 
(mmol/L) 
mean ±SD 

HbA1C 
(%) 
mean ±SD 

Control 50 22 / 28 51.64±12.25 0 4.81 ±0.63 5.73 ± 0.56 
Patients 
without 
DSP 

40 24 / 16 57.73±11.08 11.23±7.94 8.99±3.11* 9.26 ± 
3.33* 

Patients 
with 
DSP 

100 55 / 45 58.62±11.62 11.32±7.05 9.50 ±4.13* 9.09 ±2.13* 

Table 1. Demographic and biochemical characteristics of diabetic neuropathy patients and 
the control group.  

There was a statistically significant decrease SOD and GSH-Px activity and GSH level in 
erythrocyte of diabetic neuropatrhy patients compared with the control group and patients 
without DN. The values of erythrocyte CAT were lower in patients compared to the control 
ones, but this difference did not reach statistical significance (Tab. 2). 
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SOD (U/gr 
Hb) 
mean ±SD 

CAT (U/gr 
Hb) 
mean ±SD 

GSH-Px(U/gr 
Hb) 
mean ±SD 

 GSH (µmol/grHb) 
mean ±SD 

 Control  1238.36 ± 
136.86 7.34 ± 1.62 67.35 ± 11.39 0.24 ± 0.05 

Patients without 
DSP  

1144.26 ± 
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Values of antioxidant parameters were variable at different stages of the disease in patients 
with DDSP (Fig. 1-4). 
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Fig. 1. SOD values in different periods of illness in patients with DDSP as compared to the 
control group  
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in milliseconds,  and the amplitude of the sensory neurogram,  expressed in µV. The 
stimulation was carried out with a surface electrode positioned on the plantar part of the 
thumb. The response was registered via a surface electrode located behind the internal 
malleolus,  proximal to the retinaculum flexorum.  
Laboratory analysis determined the level of morning glycemia and glycosylated hemoglobin 
(HbA1c) by the standard laboratory tests from the venous blood of patients and halthy 
persons. Erythrocyte SOD activity was determined by a commercial test Ransod provided 
by Randox (Randox Laboratories,  Crumlin,  UK), based on the McCord and Fridovich 
method (Mccord and Fridovich, 1969). Erythrocyte CAT activity was determined by the 
method of Beutler (Beutler, 1982).  Erythrocyte GSH-Px  activity was determined by 
commercial test Ransel (Randox Laboratories, Crumlin, UK). Glutathione was measured as 
total glutathione in the erythrocytes as described by Tietze (1969).  Caiman′s GSH Assay kit 
utilizes a carefully optimized enzymatic recycling method, using glutathione reductase for 
quantification of GSH. 
Statistical method: To process results we used widely accepted statistical techniques: means 
and standard deviation,  statistical significance calculation tests,  correlation tests. We 
utilized standard statistics software tools (Origin Pro and MATLAB Statistics Toolbox). The 
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5. Results 
The study encompassed 100 type 2 DM patients who showed signs of distal symmetrical 
polyneuropathy, whose average age was 58.62±11.62 years. The average duration of the 
disease was 11.32±7.05 years. The control group included 50 healthy individuals, whose 
average age was 51.64±12.25 years (Tab. 1). There was significant increase in glycemia and 
HbA1c values in the patients compared with the control group (*p<0. 0001). 
 

 Number Sex(M/F)
Age 
(years) 
mean ±SD 

Duration 
of  
DM 
(years)  

Glycemia 
(mmol/L) 
mean ±SD 

HbA1C 
(%) 
mean ±SD 

Control 50 22 / 28 51.64±12.25 0 4.81 ±0.63 5.73 ± 0.56 
Patients 
without 
DSP 

40 24 / 16 57.73±11.08 11.23±7.94 8.99±3.11* 9.26 ± 
3.33* 

Patients 
with 
DSP 

100 55 / 45 58.62±11.62 11.32±7.05 9.50 ±4.13* 9.09 ±2.13* 

Table 1. Demographic and biochemical characteristics of diabetic neuropathy patients and 
the control group.  

There was a statistically significant decrease SOD and GSH-Px activity and GSH level in 
erythrocyte of diabetic neuropatrhy patients compared with the control group and patients 
without DN. The values of erythrocyte CAT were lower in patients compared to the control 
ones, but this difference did not reach statistical significance (Tab. 2). 
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Fig. 2. Erythrocite CAT values in different periods of illness in patients with DDSP as 
compared to the control group  * p<0.05 vs. control,  A:B   p<0.01; A:C  p=0.15;  B:C 
p=0.24, y.= year 

 
 

 
 

*** p<0.001 vs. control A:B   p=0.97; A:C  p=0.38;  B:C   p=0.28, y= year 

Fig. 3. GSH-PX values in different periods of illness in patients with DDSP as compared to 
the control group 

The Role of Oxidative Stress in Pathogenesis of Diabetic Neuropathy: Erythrocyte  
Superoxide Dismutase, Catalase and Glutathione Peroxidase Level in Relation to....  

 

165 

 
 
 
 

 
 
 
 

Fig. 4. GSH values in erythrocytes in different periods of illness in patients with DDSP as 
compared to the control group    * p<0.05 vs. control     A:B   p=0.4  ;      A:C  p=0.5  ;     B:C   
p=0.9 , y= year 

There was statistically significant difference between the latency and amplitude of sensory 
evoked potentials (SEP) of medial plantar nerve in the patients and the controls (Tab. 3). 
 
 
 

SEP  
n.plantaris medialis 

Patients 
 mean± SD  

Controls 
 mean ± SD t p 

Latency [ms] 7.50 ± 1.36 5.56 ± 0.89 -8.90 <0. 0001 
Amplitude [µV] 0.381± 0.358 0.849 ± 0.606 5.37 <0. 0001 

 
 
 

Table 3. Latency and amplitude of the SEP of medial plantar nerve in the diabetic 
neuropathy patients and in the control 

All electrophysiological parameters related to the conduction of motor and sensory fibers of 
the tested upper and lower extremity nerves showed that there was a statistically significant 
difference between diabetic neuropathy patients and controls (Tab. 4). 
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There was statistically significant difference between the latency and amplitude of sensory 
evoked potentials (SEP) of medial plantar nerve in the patients and the controls (Tab. 3). 
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Table 3. Latency and amplitude of the SEP of medial plantar nerve in the diabetic 
neuropathy patients and in the control 

All electrophysiological parameters related to the conduction of motor and sensory fibers of 
the tested upper and lower extremity nerves showed that there was a statistically significant 
difference between diabetic neuropathy patients and controls (Tab. 4). 
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ENG parameters Controls 
mean±SD 

Patients 
mean±SD t p 

CMAP  
peroneal nerve 

Latency (ms)  3.54±0.56 4.66±1.13 -6.64 <0. 0001 
Amplitude (mV)  5.77±2.47 3.46±2.13  5.88  <0. 0001  
NCV (m/s)  51.65±5.79 41.24±6.77  9.20  <0. 0001 

CMAP  
tibial nerve 

Latency (ms)  3.56±0.51 4.94±1.32  -7.13  <0. 0001 
Amplitude (mV)  11.19±4.73 4.62±2.98 10.28  <0. 0001 
NCV (m/s)  43.37±3.07 35.72±7.30  7.083 <0. 0001 

CMAP   
median nerve 

Latency (ms)  3.45±0.55 4.88±2.24 -4.47  <0. 0001  
Amplitude (mV)  7.00±2.51 4.90±2.35  5.23  <0. 0001 
NCV (m/s)  56.57±7.01 49.52±6.22 6.27  <0. 0001 

CMAP   
ulnar nerve 

Latency (ms)  2.90±0.63 3.17±0.78 -2.12  0. 0359 
Amplitude (mV)  7.87±3.35 4.93±7.27  6.36  0. 0025  
NCV (m/s)  57.54±8.57 48.59±8.00  6.30  <0. 001 

SEP  
sural nerve 

Latency (ms)  2.93±0.50 4.14±0.90  -8.60  <0. 0001 
Amplitude (mV)  15.61±6.16 8.79±5.77 6.31  <0. 0001 
NCV (m/s)  36.37±4.48 29.49±6.35 6.63  <0. 0001 

SEP  
median nerve 

Latency (ms)  3.96±0.49 4.70±0.82 -5.83  <0. 0001 
Amplitude (mV)  43.07±9.33 15.75±9.70 16.47  <0. 0001 
NCV (m/s)  47.36±5.63 38.77±7.85  6.86  <0. 0001 

SEP  
ulnar nerve 

Latency (ms)  3.28±0.68 4.12±0.82 -6.23  <0. 0001 
Amplitude (mV)  36.46±11.63 17.28±12.22 9.16  <0. 0001 
NCV (m/s)  46.32±6.10 38.20±7.37 6.69  <0. 0001 

Table 4. ENG parameters in the diabetic neuropathy patients and in the control group. 
CMAP – compound muscle action potential,  SEP - sensory evoked potentials, NCV-nerve 
conduction velocity 

A number of scored ENG parameters correlated significantly with erythrocyte SOD and 
CAT level in the patients studied  (Tab. 5 and Tab. 6).  

 

 

SEP of 
medial plantar nerve 

SOD CAT GSH-px GSH 

r p r p r          p r         p 

Latency  -0.1621 0.1071 -0.0488 0.6295 -0.1149   0.2550 -0.0492    0.6265 
Amplitude 0.0995 0.3248 0.2059 0.0399 0.0580    0.5564 -0.0570     0.5734 

Table 5. Correlation between SEP parameters of medial plantar nerve and parameters of OS 
(SOD and CAT) in diabetic neuropathy patients. Marked values point out a statistically 
significant correlation. 
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Nerve ENG parameters SOD CAT GPx GSH 
r p r p r p r p 

CMAP  
Peroneal nerve 

Latency 
Amplitude 
MEP NCV 

-0.1096
-0.2526
-0.2633

0.2777
0.0112
0.0081

-0.1597
-0.2859
0.0199

0.1126
0.0039
0.8442

-0.0577
-0.1096
-0.1417

0.5683
0.2777
0.1598

-0.0605 
-0.0662 
0.0097 

0.5497 
0.5129 
0.9238 

CMAP  
Tibial nerve 

Latency 
Amplitude 
NCV 

-0.1866
-0.1575
-0.2524

0, 0630
0.1175
0.0113

0.0406
-0.0568
0.0254

0.6883
0.5747
0.8016

0.0130
-0.0233
-0.0910

0.8977
0.8184
0.3681

-0.0476 
0.0148 
0.0618 

0.6383 
0.8837 
0.5416 

CMAP  
Median nerve 

Latency 
Amplitude 
NCV 

-0.2326
-0.0663
-0.2171

0.0199
0.5123
0.0301

-0.0959
0.0188
0.0462

0.3425
0.8529
0.6483

-0.0694
-0.1198
-0.0469

0.4929
0.2352
0.6431

0.0140 
0.1366 
0.1887 

0.8901 
0.1753 
0.0601 

CMAP  
Ulnar nerve 

Latency 
Amplitude 
NCV 

-0.0442
-0.1531
-0.1387

0.6627
0.1282
0.1687

-0.0043
0.0174
-0.0629

0.9659
0.8639
0.5339

-0.1294
0.0327
-0.0694

0.1996
0.7466
0.4927

-0.0209 
0.0224 
-0.0655 

0.8366 
0.8252 
0.5174 

SEP 
Median nerve 

Latency 
Amplitude 
NCV 

-0.2183
-0.0881
-0.2079

0.0291
0.3836
0.0379

-0.0501
-0.0057
-0.0569

0.6205
0.9549
0.5741

-0.0771
0.0904
-0.1253

0.4456
0.3710
0.2143

-0.1923 
-0.1230 
-0.2805 

0.0552 
0.2227 
0.0047 

SEP 
Ulnar nerve 

Latency 
Amplitude 
NCV 

-0.1679
-0.0213
-0.1202

0.0949
0.8336
0.2336

-0.1659
-0.0997
-0.0627

0.0991
0.3239
0.5357

-0.0095
-0.0866
-0.1009

0.9252
0.3914
0.3178

-0.1094 
-0.1710 
-0.1344 

0.2786 
0.0889 
0.1826 

SEP 
Sural nerve 

Latency 
Amplitude 
NCV 

-0.1129
-0.2896
-0.1122

0.2636
0.0035
0.2662

-0.3837
-0.1449
-0.3840

0.0001
0.1505
0.0001

-0.0245
-0.0275
0.0035

0.8088
0.7861
0.9723

0.0443 
-0.0194 
0.0798 

0.6613 
0.8481 
0.4298 

Table 6. Correlation between ENG parameters and parameters of OS (SOD and CAT) in 
diabetic neuropathy patients. MEP- Motor Evoked Potential,  SEP- Sensory Evoked 
Potentials,  NCV – Nerve Conduction Velocity. Marked values point out a statistically 
significant correlation. 

6. Discussion 
Results of experimental studies,  conducted both in vivo and in vitro,  suggest that the 
peripheral nervous system is sensitive to oxidative damage (Schmeichel et al.,2003; Russel et 
al., 1999;Russel et al., 2002). Neurons take over glucose from the blood by the concentration 
dependent transport,  so that hyperglycemia is always associated  with increased glucose 
values in the neurons,  which results in oxidative stress (Tomlinson and Gardiner,2008; 
Andrea et al.,2004). On the other hand,  antioxidative defense in peripheral nerves is 
thought to be limited due to primary lower values of glutathione and glutathione-
dependent enzymes (GSH-Px and GSH-r)  (Romero et al., 1991; Schmeichel et al.,2003),  
which further increases the sensitivity of nerves to oxidative damage. SOD could provide 
efficient antioxidative protection,  since,  contrary to glutathione-dependent enzymes,  it is 
relatively more active in the peripheral nerves. However,  in spite of such a theoretical 
position,  studies carried out on experimental models have not shown any significant 
changes of the endoneural antioxidative status in the experimentally induced DN, except an 
increased CAT levels which could not be able to correct by insulin therapy (Van Dam et al., 
1996). On the other side,  positive effects of antioxidants on the antioxidative capacity of 
blood, and also on the disturbed function of peripheral nerves in the very same 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

166 

ENG parameters Controls 
mean±SD 

Patients 
mean±SD t p 
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NCV (m/s)  43.37±3.07 35.72±7.30  7.083 <0. 0001 

CMAP   
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Latency (ms)  3.45±0.55 4.88±2.24 -4.47  <0. 0001  
Amplitude (mV)  7.00±2.51 4.90±2.35  5.23  <0. 0001 
NCV (m/s)  56.57±7.01 49.52±6.22 6.27  <0. 0001 

CMAP   
ulnar nerve 

Latency (ms)  2.90±0.63 3.17±0.78 -2.12  0. 0359 
Amplitude (mV)  7.87±3.35 4.93±7.27  6.36  0. 0025  
NCV (m/s)  57.54±8.57 48.59±8.00  6.30  <0. 001 

SEP  
sural nerve 

Latency (ms)  2.93±0.50 4.14±0.90  -8.60  <0. 0001 
Amplitude (mV)  15.61±6.16 8.79±5.77 6.31  <0. 0001 
NCV (m/s)  36.37±4.48 29.49±6.35 6.63  <0. 0001 

SEP  
median nerve 

Latency (ms)  3.96±0.49 4.70±0.82 -5.83  <0. 0001 
Amplitude (mV)  43.07±9.33 15.75±9.70 16.47  <0. 0001 
NCV (m/s)  47.36±5.63 38.77±7.85  6.86  <0. 0001 

SEP  
ulnar nerve 

Latency (ms)  3.28±0.68 4.12±0.82 -6.23  <0. 0001 
Amplitude (mV)  36.46±11.63 17.28±12.22 9.16  <0. 0001 
NCV (m/s)  46.32±6.10 38.20±7.37 6.69  <0. 0001 

Table 4. ENG parameters in the diabetic neuropathy patients and in the control group. 
CMAP – compound muscle action potential,  SEP - sensory evoked potentials, NCV-nerve 
conduction velocity 

A number of scored ENG parameters correlated significantly with erythrocyte SOD and 
CAT level in the patients studied  (Tab. 5 and Tab. 6).  

 

 

SEP of 
medial plantar nerve 

SOD CAT GSH-px GSH 

r p r p r          p r         p 

Latency  -0.1621 0.1071 -0.0488 0.6295 -0.1149   0.2550 -0.0492    0.6265 
Amplitude 0.0995 0.3248 0.2059 0.0399 0.0580    0.5564 -0.0570     0.5734 

Table 5. Correlation between SEP parameters of medial plantar nerve and parameters of OS 
(SOD and CAT) in diabetic neuropathy patients. Marked values point out a statistically 
significant correlation. 
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Nerve ENG parameters SOD CAT GPx GSH 
r p r p r p r p 

CMAP  
Peroneal nerve 

Latency 
Amplitude 
MEP NCV 

-0.1096
-0.2526
-0.2633

0.2777
0.0112
0.0081

-0.1597
-0.2859
0.0199

0.1126
0.0039
0.8442

-0.0577
-0.1096
-0.1417

0.5683
0.2777
0.1598

-0.0605 
-0.0662 
0.0097 

0.5497 
0.5129 
0.9238 

CMAP  
Tibial nerve 

Latency 
Amplitude 
NCV 

-0.1866
-0.1575
-0.2524

0, 0630
0.1175
0.0113

0.0406
-0.0568
0.0254

0.6883
0.5747
0.8016

0.0130
-0.0233
-0.0910

0.8977
0.8184
0.3681

-0.0476 
0.0148 
0.0618 

0.6383 
0.8837 
0.5416 

CMAP  
Median nerve 

Latency 
Amplitude 
NCV 

-0.2326
-0.0663
-0.2171

0.0199
0.5123
0.0301

-0.0959
0.0188
0.0462

0.3425
0.8529
0.6483

-0.0694
-0.1198
-0.0469

0.4929
0.2352
0.6431

0.0140 
0.1366 
0.1887 

0.8901 
0.1753 
0.0601 

CMAP  
Ulnar nerve 

Latency 
Amplitude 
NCV 

-0.0442
-0.1531
-0.1387

0.6627
0.1282
0.1687

-0.0043
0.0174
-0.0629

0.9659
0.8639
0.5339

-0.1294
0.0327
-0.0694

0.1996
0.7466
0.4927

-0.0209 
0.0224 
-0.0655 

0.8366 
0.8252 
0.5174 

SEP 
Median nerve 

Latency 
Amplitude 
NCV 

-0.2183
-0.0881
-0.2079

0.0291
0.3836
0.0379

-0.0501
-0.0057
-0.0569

0.6205
0.9549
0.5741

-0.0771
0.0904
-0.1253

0.4456
0.3710
0.2143

-0.1923 
-0.1230 
-0.2805 

0.0552 
0.2227 
0.0047 

SEP 
Ulnar nerve 

Latency 
Amplitude 
NCV 
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-0.0627

0.0991
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Table 6. Correlation between ENG parameters and parameters of OS (SOD and CAT) in 
diabetic neuropathy patients. MEP- Motor Evoked Potential,  SEP- Sensory Evoked 
Potentials,  NCV – Nerve Conduction Velocity. Marked values point out a statistically 
significant correlation. 

6. Discussion 
Results of experimental studies,  conducted both in vivo and in vitro,  suggest that the 
peripheral nervous system is sensitive to oxidative damage (Schmeichel et al.,2003; Russel et 
al., 1999;Russel et al., 2002). Neurons take over glucose from the blood by the concentration 
dependent transport,  so that hyperglycemia is always associated  with increased glucose 
values in the neurons,  which results in oxidative stress (Tomlinson and Gardiner,2008; 
Andrea et al.,2004). On the other hand,  antioxidative defense in peripheral nerves is 
thought to be limited due to primary lower values of glutathione and glutathione-
dependent enzymes (GSH-Px and GSH-r)  (Romero et al., 1991; Schmeichel et al.,2003),  
which further increases the sensitivity of nerves to oxidative damage. SOD could provide 
efficient antioxidative protection,  since,  contrary to glutathione-dependent enzymes,  it is 
relatively more active in the peripheral nerves. However,  in spite of such a theoretical 
position,  studies carried out on experimental models have not shown any significant 
changes of the endoneural antioxidative status in the experimentally induced DN, except an 
increased CAT levels which could not be able to correct by insulin therapy (Van Dam et al., 
1996). On the other side,  positive effects of antioxidants on the antioxidative capacity of 
blood, and also on the disturbed function of peripheral nerves in the very same 
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experimental models,  lead one to conclude that systemic OS can have a more significant 
role compared to endoneural OS in the development of neuropathic changes. 
The determination of OS biomarkers is an important step in the understanding of DN 
pathogenesis. Recent research suggests that there are tissue- and time-dependent changes in 
the activity of various antioxidative enzymes. The results of our study show that there is a 
statistically significant reduction of erythrocyte SOD levels in patients with type 2 DM and 
DDSP in comparison with healthy controls,  which corresponds to the data from the 
literature (Arai et al., 1987; Kawamura et al., 1992; Vijaylingam et al., 1996). Eerythrocyte 
SOD level was significantly lower in patients with diabetic neuropathy compared with 
patients without diabetic neuropathy, suggesting the importance of antioxidant protection 
in the prevention of nerve injury. The main reason for the reduced SOD activity is the 
glycolization of Cu, Zn-SOD,  which has been documented in both in vitro and in vivo 
experiments (Arai et al., 1987; Kawamura et al., 1992). However,  there are also studies 
which show no changes in erythrocyte SOD activity (Peuchant et al.,1997; Walter et al.,1991; 
Faure et al.,1995),  or which,  quite the contrary,  suggest an increased activity of this 
enzyme (Yaqoob et al., 1994). 
In most cases,  CAT activity in erythrocytes was not changed in either experimental animals 
or type 1 and type 2 DM patients (Wohaieb & Godi, 1987; Godin et al., 1988; Matkovich et 
al., 1982). However,  some studies have noted changes in CAT activity,  in particular its 
reduction (Vijaylingam et al., 1996; Alphonsus et al., 2007). In this study,  erythrocyte CAT 
values were reduced in patients as compared with the controls,  but this reduction did not 
reach statistically significant levels,  which correlates with the literature data listed above. 
Catalase values were reduced in patients with DSP, compared with patients without DSP, 
although these deviations were not statistically significant. Reduced CAT activity could be 
explained by the accumulation of H2O2 in the cells, as a result of glucose autooxidation. As 
the principal enzymatic role of CAT is to control H2O2 concentration,  H2O2 accumulation in 
the cells is believed to lead to the exhaustion of this enzyme,  which primarily reflects 
erythrocytes,  where CAT is otherwise most active. Studies have shown that in other tissues 
H2O2 accumulation may stimulate CAT synthesis, thus increasing its activity. However, 
erythrocytes lack the genetic apparatus for such a synthesis, which is a reason that the 
increased H2O2 concentration results in the exhaustion and inactivation of catalase 
(Alphonsus et al., 2007). 
Changes in the activity of glutathione-dependent enzymes were different in experimental 
models. Most studies have shown tissue and time dependent changes of enzyme activity. 
However, even if we acknowledge these factors, we cannot precisely match the results of 
various studies of the association of DM and activity of glutathione-dependent enzymes. 
The studies dealing with the GSH-Px activity in the erythrocytes have demonstrated 
variable results. A large number of studies demonstrated that GSH-Px activity in the blood, 
erythrocytes, and leukocytes was similar in DM patients (types 1 and 2) and in healthy 
controls (Walter RM et al., 1991; Leonard M.B. et al., 1995; Akkus I et al., 1996). On the other 
hand, there are studies clearly confirming altered activity of glutathione-dependent 
enzymes in DM, above all in the form of reduced activity of GSH-Px and increased activity 
of GSH reductase (Godin et al., 1988; Dohi et al.,1988; Tagami et al., 1992; Langenstroer & 
Pieper, 1992; Blakytny and Harding,1992). Murakami (1991), studying the erythrocytes in 
DM, concluded that reduced erythrocyte GSH was caused by reduced activity of gamma 
glutamyl-cystein synthetase in connection with its glycation, reduced activity of GSH-
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reductase and defective glutathione transport. Yoshida  (1995) confirmed that in the 
erythrocytes of diabetics with poorly controlled disease the synthesis of GSH and thiol 
transport were damaged, rendering the cells more sensitive to oxidative damage. In 
diabetics with permanently higher values of glucose Uzel et al. (1987) established reduced 
GSH-Px activity and lower erythrocyte GSH values, with increased products of lipid 
peroxidation, with changes more apparent in patients with retinopathy. GSH reduction in 
the erythrocytes in DM was confirmed by Bono et al. (1987) as well. Stahlberg and Hietanen 
(1991) observed a reduced activity of GSH reductase in children with DM but Walter  et al. 
(1991) were not able to demonstrate any difference in GSH-Px and GSH reductase activities 
in diabetics and nondiabetics. Kaji et al. (1985) failed to find a difference in activity of 
erythrocyte GSH-Px, but established increased GSH-Px activity in the plasma in women 
with DM. Osterod et al. (1996) found in their studies a reduced erythrocyte GSH-Px activity 
in DM type 1. Authors of some studies also described an increased erythrocyte GSH-Px 
activity in DM (Matkovics et al., 1982). Literature data mostly indicated an unaltered or 
reduced activity of erythrocyte GSH-Px. The results obtained in this study indicate a 
statistically significant reduction of GSH-Px activity both in patients with DSP and in 
patients without DSP, compared to controls. Erythrocyte GSH-Px values were significantly 
lower in patients with diabetic neuropathy compared with patients without diabetic 
neuropathy. Reduced GSH-Px could be directly explained by reduced GSH content in 
studied patients, representing otherwise a substrate and cofactor for GSH-Px enzyme.  
The studies of glutathione homeostasis in DM have so far shown tissue differences in the 
levels of GSH, although in most of the cases reduced GSH contents have been found. The 
studies of glutathione level in the blood of diabetics demonstrated that those with DM type 
2 had reduced erythrocyte level of GSH and increased level of GSSG (De Mattia at all, 1994; 
Jain & McVie, 1994). The blood level of GSH was significantly reduced in various phases of 
the type 2 DM, such as glucose intolerance, early hyperglycemia (Vijayalingam et al., 1996) 
in the first two years and before complications developed (Sundaram et al., 1996), as well as 
in poorly controlled glycemia (Peuchant et al., 1997). Yoshida et al. (1995) observed reduced 
GSH in the erythrocytes of type 2 diabetics, with disturbed activity of gamma glutamyl 
transferase and thiol transport. In contrast to a clear reduction of blood GSH in type 2 DM, 
in type 1 disease the results were not entirely convincing. The role of GSH in the occurrence 
of diabetes complications has not been elucidated. Thornalley et al. (1996) found an inverse 
correlation between the level of erythrocyte GSH and presence of diabetes complications 
(neuropathy, retinopathy, and nephropathy) in patients with DM type 1 and 2, leaving 
unanswered the question whether GSH levels were reduced in those without complications, 
ot these patients have an even more significant reduction GSH levels. 
The results of our investigation showed a statistically significant reduction of erythrocite 
GSH level both in patients with DSP and in patients without DSP compared to controls, 
which was in accordance with the literature data. In the group of patiens without DSP, 
erythrocite GSH-Px value did not show larger deviations compared to patients with DSP.  
Some studies of the antioxidative protection system in DM, principally in experimental 
animal models, were related to the study of impact of disease duration on the activity of 
antioxidative enzymes. Time-dependent changes of the activity of antioxidative enzymes 
and prooxidative-antioxidative balance were thus observed in DM in various tissues. 
(Majythija & Jayesh, 2005; Sasvári and Nyakas, 2003). Kishi et al.(2005) based on their own 
study, came to the conclusion that changes in the activity of antioxidative enzymes in 
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experimental models,  lead one to conclude that systemic OS can have a more significant 
role compared to endoneural OS in the development of neuropathic changes. 
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reductase and defective glutathione transport. Yoshida  (1995) confirmed that in the 
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levels of GSH, although in most of the cases reduced GSH contents have been found. The 
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2 had reduced erythrocyte level of GSH and increased level of GSSG (De Mattia at all, 1994; 
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in the first two years and before complications developed (Sundaram et al., 1996), as well as 
in poorly controlled glycemia (Peuchant et al., 1997). Yoshida et al. (1995) observed reduced 
GSH in the erythrocytes of type 2 diabetics, with disturbed activity of gamma glutamyl 
transferase and thiol transport. In contrast to a clear reduction of blood GSH in type 2 DM, 
in type 1 disease the results were not entirely convincing. The role of GSH in the occurrence 
of diabetes complications has not been elucidated. Thornalley et al. (1996) found an inverse 
correlation between the level of erythrocyte GSH and presence of diabetes complications 
(neuropathy, retinopathy, and nephropathy) in patients with DM type 1 and 2, leaving 
unanswered the question whether GSH levels were reduced in those without complications, 
ot these patients have an even more significant reduction GSH levels. 
The results of our investigation showed a statistically significant reduction of erythrocite 
GSH level both in patients with DSP and in patients without DSP compared to controls, 
which was in accordance with the literature data. In the group of patiens without DSP, 
erythrocite GSH-Px value did not show larger deviations compared to patients with DSP.  
Some studies of the antioxidative protection system in DM, principally in experimental 
animal models, were related to the study of impact of disease duration on the activity of 
antioxidative enzymes. Time-dependent changes of the activity of antioxidative enzymes 
and prooxidative-antioxidative balance were thus observed in DM in various tissues. 
(Majythija & Jayesh, 2005; Sasvári and Nyakas, 2003). Kishi et al.(2005) based on their own 
study, came to the conclusion that changes in the activity of antioxidative enzymes in 
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peripheral nerves were not the result of reduced gene expression, but can be linked to the 
duration of DM or posttranslational modifications. 
Bearing these information in mind, this study analyzed the activity of antioxidative enzymes 
and glutathione in the blood of patients which disease had lasted up to 5 years, 5-15 years, 
and over 15 years. The activity of SOD enzyme was generally lower in patients in each 
phase of the disease, though the reduction was variable. The smallest reduction was 
observed in the first 5 years of DM, while the reduction was most evident in advanced 
disease phases - in those affected for more than 15 years. More intense inactivation of SOD 
in more advanced DM could be explained by increased production of H2O2 in the processes 
of non-enzymatic glycation predominating with time, which can further inhibit SOD. In the 
group of those affected for 5-15 years, a slight increase of SOD activity can be observed 
related to other two groups, which can be explained by an adaptive increase of antioxidative 
protection pathways. Increased H2O2 production inhibited SOD activity, but, on the other 
hand, formation of superoxide radicals presents a signal for increased gene expression of 
SOD (Matsuyama et al. 1993). Available amount and activity of SOD should represent a 
balance between the enzyme production and its degradation. As shown here, the balance 
demonstrated time-dependent modulation in different disease phases. 
The activity of erythrocyte catalase also demonstrated a declining tendency, with the 
smallest decline in the first 5 years of DM. The decline of catalase activity was greatest in 
those affected for 5-15 years. In this group, the values of erythrocyte catalase were 
significantly different from control ones. 
In all groups, a statistically significant reduction of erythrocyte GSH level was observed 
compared to controls. Among the groups of different disease phases, there was no 
statistically significant difference in the erythrocyte GSH level. 
Changes were observed also with the enzyme associated with glutathione metabolism – 
GSH-Px. This enzyme demonstrated a statistically significant decline of activity in all 
disease phases compared to controls. The decline was most evident in advanced DM (>15 
years), though there were no statistically significant deviations among the individual groups 
of patients in different disease phases. Reduced GSH-Px activity can be directly explained 
by low GSH content in diabetics, in view of the fact that GSH is the substrate and cofactor of 
GSH-Px. Reduced GSH-Px activity can be caused by the enzyme inactivation as the 
consequence of increased glycation in the situation of hyperglycemia. Increased glycation 
and consequential protein reactions can affect amino acids in active enzyme domain or 
disturb stereochemical configuration and cause structural and functional molecular changes 
(Bonnefont-Rousselot et al., 2000). Reduced GSH-Px activity causes H2O2 accumulation, 
which also contributes to progressive reduction of activity of SOD in advanced DM. 
These changes in the activity of antioxidative enzymes in DM confirm the notion that 
disturbed carbohydrate metabolism have an impact on the function of antioxidative 
protection which by itself can affect the development of late complications of DM. In recent 
years, it has been definitely confirmed that the frequency of late diabetic complications is 
higher with poorer metabolic control. If oxidative stress has a role in the development of 
diabetic complications, we should expect adaptive changes in the system of antioxidative 
protection. These changes would be more or less evident in different situations of metabolic 
control and largely depend on the duration of unfavorable metabolic status. 
Similarly to the literature data, our results suggest that blood of type 2 DM patients has 
decreased antioxidative protection. However,  in spite of strong evidence in the literature 
that OS is increased in DM,  there is still no definite connection between OS levels and the 
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development of late diabetic complications. Accordingly,  in this study,  we have looked 
into the interrelation between the tested antioxidative enzyme levels and the functional 
damage of peripheral nerves. Our previous study did not show any correlation between 
plasma total antioxidant capacity (TAC) and the degree of damage of peripheral nerves in 
type 2 DM and DDSP patients (Djordjević et al., 2008). Having in mind  that TAC is not a 
mere sum of various antioxidant activity,  but a dynamical system of interdependent 
individual serum antioxidant parameters (Koraćević et al., 2001),  we have designed this 
study in such a way as to observe and analyze the influence of individual TAC constituents 
on the development of peripheral nerve dysfunction in type 2 DM patients.  
All electroneurographic parameters of peripheral nerve conduction have showed deviation 
in the patients as compared with the control group and these deviations have been 
statistically significant. In the studied patients,  we have found a significant negative linear 
correlation between erythrocyte SOD levels and a number of scored ENG parameters – 
indicators of  DDSP (the lower the SOD values,  the higher the ENG score,  i.e. the more 
pronounced the functional damage). The correlation that was found between SOD and ENG 
indicators of the degree of neuronal damage indicates that there was an important role of 
toxic effects of superoxide anion radicals in the development of neuronal damage. In vivo,  
superoxide anion radicals are mostly removed enzymatically, by SOD. When superoxide 
anion radicals are excessively produced,  they react with nitric oxide and form a 
peroxynitrite, which has numerous cytotoxic effects. A tenfold increase in superoxide anion 
radicals and nitric oxide has been found to increase peroxynitrite production one hundred 
times (Djordjević et al.,2000). Excessive production of superoxide anion radicals, nitric oxide 
and peroxynitrite may,  thus,  be a significant pathogenetic factor for neuronal damage.  
As for catalase,  even though the reduced activity of this enzyme did not reach statistical 
significance in this study,  the correlation analysis between CAT blood levels and the 
electrophysiological conduction parameters of the peroneal,  sural,  median,  and plantar 
nerves (MEP-amplitude of peroneal nerve,  the latency and NCV of the sural nerve,  the SEP 
amplitude of medial plantar nerve) has revealed a statistically significant value. Such results 
suggest that CAT has a pathogenetic importance,  i.e. that hydrogen peroxide has toxic 
effects on the degree of neuronal damage.  
There was no correlation between erythrocite GSH-Px and ENG parameters which could be 
explained by lower Km and lower GSH-Px activity in erythrocytes, compared to CAT 
activity. Erythrocite GSH-Px value correlated with censory nerve condaction of median 
nerve only. This results could be explained by limited activity of GSH and GSH-dependent 
enzymes in periferal nerves. It should also bear in mind that the values of GSH and GSH-px 
in our group of patients showed small variation over the course of DM, which could also be 
the explanation for the lack of correlation with the ENG parameters, given the progressive 
course of diabetic neuropathy.  

7. Conclusion 
DM is closely linked to an imbalance in pro/antioxidant status of cells and changes in redox 
potential. Oxidative stress, as a common denominator, is the biochemical mechanism by 
which disturbed glucose metabolism and deregulation of cell signaling leads to the 
development of diabetic complications. Results of our study pointed out a reduced systemic 
antioxidative defense in the patients with type 2 DM and diabetic distal symmetrical 
polyneuropathy and indicate that systemic oxidative stress plays a potential role in the 
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peripheral nerves were not the result of reduced gene expression, but can be linked to the 
duration of DM or posttranslational modifications. 
Bearing these information in mind, this study analyzed the activity of antioxidative enzymes 
and glutathione in the blood of patients which disease had lasted up to 5 years, 5-15 years, 
and over 15 years. The activity of SOD enzyme was generally lower in patients in each 
phase of the disease, though the reduction was variable. The smallest reduction was 
observed in the first 5 years of DM, while the reduction was most evident in advanced 
disease phases - in those affected for more than 15 years. More intense inactivation of SOD 
in more advanced DM could be explained by increased production of H2O2 in the processes 
of non-enzymatic glycation predominating with time, which can further inhibit SOD. In the 
group of those affected for 5-15 years, a slight increase of SOD activity can be observed 
related to other two groups, which can be explained by an adaptive increase of antioxidative 
protection pathways. Increased H2O2 production inhibited SOD activity, but, on the other 
hand, formation of superoxide radicals presents a signal for increased gene expression of 
SOD (Matsuyama et al. 1993). Available amount and activity of SOD should represent a 
balance between the enzyme production and its degradation. As shown here, the balance 
demonstrated time-dependent modulation in different disease phases. 
The activity of erythrocyte catalase also demonstrated a declining tendency, with the 
smallest decline in the first 5 years of DM. The decline of catalase activity was greatest in 
those affected for 5-15 years. In this group, the values of erythrocyte catalase were 
significantly different from control ones. 
In all groups, a statistically significant reduction of erythrocyte GSH level was observed 
compared to controls. Among the groups of different disease phases, there was no 
statistically significant difference in the erythrocyte GSH level. 
Changes were observed also with the enzyme associated with glutathione metabolism – 
GSH-Px. This enzyme demonstrated a statistically significant decline of activity in all 
disease phases compared to controls. The decline was most evident in advanced DM (>15 
years), though there were no statistically significant deviations among the individual groups 
of patients in different disease phases. Reduced GSH-Px activity can be directly explained 
by low GSH content in diabetics, in view of the fact that GSH is the substrate and cofactor of 
GSH-Px. Reduced GSH-Px activity can be caused by the enzyme inactivation as the 
consequence of increased glycation in the situation of hyperglycemia. Increased glycation 
and consequential protein reactions can affect amino acids in active enzyme domain or 
disturb stereochemical configuration and cause structural and functional molecular changes 
(Bonnefont-Rousselot et al., 2000). Reduced GSH-Px activity causes H2O2 accumulation, 
which also contributes to progressive reduction of activity of SOD in advanced DM. 
These changes in the activity of antioxidative enzymes in DM confirm the notion that 
disturbed carbohydrate metabolism have an impact on the function of antioxidative 
protection which by itself can affect the development of late complications of DM. In recent 
years, it has been definitely confirmed that the frequency of late diabetic complications is 
higher with poorer metabolic control. If oxidative stress has a role in the development of 
diabetic complications, we should expect adaptive changes in the system of antioxidative 
protection. These changes would be more or less evident in different situations of metabolic 
control and largely depend on the duration of unfavorable metabolic status. 
Similarly to the literature data, our results suggest that blood of type 2 DM patients has 
decreased antioxidative protection. However,  in spite of strong evidence in the literature 
that OS is increased in DM,  there is still no definite connection between OS levels and the 
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development of late diabetic complications. Accordingly,  in this study,  we have looked 
into the interrelation between the tested antioxidative enzyme levels and the functional 
damage of peripheral nerves. Our previous study did not show any correlation between 
plasma total antioxidant capacity (TAC) and the degree of damage of peripheral nerves in 
type 2 DM and DDSP patients (Djordjević et al., 2008). Having in mind  that TAC is not a 
mere sum of various antioxidant activity,  but a dynamical system of interdependent 
individual serum antioxidant parameters (Koraćević et al., 2001),  we have designed this 
study in such a way as to observe and analyze the influence of individual TAC constituents 
on the development of peripheral nerve dysfunction in type 2 DM patients.  
All electroneurographic parameters of peripheral nerve conduction have showed deviation 
in the patients as compared with the control group and these deviations have been 
statistically significant. In the studied patients,  we have found a significant negative linear 
correlation between erythrocyte SOD levels and a number of scored ENG parameters – 
indicators of  DDSP (the lower the SOD values,  the higher the ENG score,  i.e. the more 
pronounced the functional damage). The correlation that was found between SOD and ENG 
indicators of the degree of neuronal damage indicates that there was an important role of 
toxic effects of superoxide anion radicals in the development of neuronal damage. In vivo,  
superoxide anion radicals are mostly removed enzymatically, by SOD. When superoxide 
anion radicals are excessively produced,  they react with nitric oxide and form a 
peroxynitrite, which has numerous cytotoxic effects. A tenfold increase in superoxide anion 
radicals and nitric oxide has been found to increase peroxynitrite production one hundred 
times (Djordjević et al.,2000). Excessive production of superoxide anion radicals, nitric oxide 
and peroxynitrite may,  thus,  be a significant pathogenetic factor for neuronal damage.  
As for catalase,  even though the reduced activity of this enzyme did not reach statistical 
significance in this study,  the correlation analysis between CAT blood levels and the 
electrophysiological conduction parameters of the peroneal,  sural,  median,  and plantar 
nerves (MEP-amplitude of peroneal nerve,  the latency and NCV of the sural nerve,  the SEP 
amplitude of medial plantar nerve) has revealed a statistically significant value. Such results 
suggest that CAT has a pathogenetic importance,  i.e. that hydrogen peroxide has toxic 
effects on the degree of neuronal damage.  
There was no correlation between erythrocite GSH-Px and ENG parameters which could be 
explained by lower Km and lower GSH-Px activity in erythrocytes, compared to CAT 
activity. Erythrocite GSH-Px value correlated with censory nerve condaction of median 
nerve only. This results could be explained by limited activity of GSH and GSH-dependent 
enzymes in periferal nerves. It should also bear in mind that the values of GSH and GSH-px 
in our group of patients showed small variation over the course of DM, which could also be 
the explanation for the lack of correlation with the ENG parameters, given the progressive 
course of diabetic neuropathy.  

7. Conclusion 
DM is closely linked to an imbalance in pro/antioxidant status of cells and changes in redox 
potential. Oxidative stress, as a common denominator, is the biochemical mechanism by 
which disturbed glucose metabolism and deregulation of cell signaling leads to the 
development of diabetic complications. Results of our study pointed out a reduced systemic 
antioxidative defense in the patients with type 2 DM and diabetic distal symmetrical 
polyneuropathy and indicate that systemic oxidative stress plays a potential role in the 
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development of diabetic neuropathy. For better understanding of the role of oxidative stress 
and antioxidative mechanisms, further investigations with standardized methodology, 
molecular biological technique and better defined experimental models and subjects are 
required, aiming to prevent, delay or slow the progression of the disease. 
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development of diabetic neuropathy. For better understanding of the role of oxidative stress 
and antioxidative mechanisms, further investigations with standardized methodology, 
molecular biological technique and better defined experimental models and subjects are 
required, aiming to prevent, delay or slow the progression of the disease. 
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1. Introduction  
Cardiovascular disease (CVD) is the predominant cause for morbidity and mortality in 
diabetes mellitus (DM). Patients with diabetes mellitus have two to three times the incidence 
of atherosclerotic disease compared to the general population (Kannel & McGee, 1979). 
Several etiologic factors increase susceptibility to CVD in DM including insulin resistance, 
dyslipidemia, endothelial dysfunction, prothrombosis, and increased protein glycation 
(Baynes & Thorpe, 1999). 
Plasma homocysteine levels are elevated in patients with diabetes, particularly in patients 
with type 2 diabetes as well as in individuals in prediabetic states who exhibit insulin 
resistance. Homocysteine (Hcy) is a non-essential amino acid that is produced from 
demethylation of methionine. Hcy can be remethylated into methionine by means of 
vitamin B12-dependent methionine synthase and 5-methyltetrahydrofolate as a methyl 
donor. Hcy can be also catabolized into cysteine (the transsulfuration pathway) via 
cystathionine beta synthase and cystathioninase, both enzymes being vitamin B6-
dependent. A third way to remove Hcy is conversion to S-adenosylhomocysteine (SAH). 
The last reaction is mediated by SAH-hydrolase and favors the SAH formation in case of 
increased Hcy concentrations. S-Adenosyl methionine (SAM) is a universal methyl donor 
that is formed from methionine and converted into SAH after donating its methyl group. 
SAH is a potent inhibitor of most known methyltransferases (Kloor & Osswald, 2004).  
Among the main determinants of tHcy levels in non-diabetic subjects are age, sex, renal 
function, several diseases, drugs, coffee and chronic alcohol consumption, smoking and 
physical inactivity (Refsum et al., 2006). Genetic factors and nutritional deficiencies of folate 
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1. Introduction  
Cardiovascular disease (CVD) is the predominant cause for morbidity and mortality in 
diabetes mellitus (DM). Patients with diabetes mellitus have two to three times the incidence 
of atherosclerotic disease compared to the general population (Kannel & McGee, 1979). 
Several etiologic factors increase susceptibility to CVD in DM including insulin resistance, 
dyslipidemia, endothelial dysfunction, prothrombosis, and increased protein glycation 
(Baynes & Thorpe, 1999). 
Plasma homocysteine levels are elevated in patients with diabetes, particularly in patients 
with type 2 diabetes as well as in individuals in prediabetic states who exhibit insulin 
resistance. Homocysteine (Hcy) is a non-essential amino acid that is produced from 
demethylation of methionine. Hcy can be remethylated into methionine by means of 
vitamin B12-dependent methionine synthase and 5-methyltetrahydrofolate as a methyl 
donor. Hcy can be also catabolized into cysteine (the transsulfuration pathway) via 
cystathionine beta synthase and cystathioninase, both enzymes being vitamin B6-
dependent. A third way to remove Hcy is conversion to S-adenosylhomocysteine (SAH). 
The last reaction is mediated by SAH-hydrolase and favors the SAH formation in case of 
increased Hcy concentrations. S-Adenosyl methionine (SAM) is a universal methyl donor 
that is formed from methionine and converted into SAH after donating its methyl group. 
SAH is a potent inhibitor of most known methyltransferases (Kloor & Osswald, 2004).  
Among the main determinants of tHcy levels in non-diabetic subjects are age, sex, renal 
function, several diseases, drugs, coffee and chronic alcohol consumption, smoking and 
physical inactivity (Refsum et al., 2006). Genetic factors and nutritional deficiencies of folate 
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or of the vitamin cofactors (vitaminsB12, B6 and B2) involved in Hcy metabolism may also 
promote hyperhomocysteinemia. Besides other genetic defects, a thermolabile variant of 
Methylene Tetrahydrofolate Reductase (MTHFR), a key enzyme of the remethylation 
pathway, has been described (Frosst et al., 1995). It has been shown that this gene variation 
was associated with increased levels of homocysteine; Heterozygotes carrying MTHFR 
thermolabile variant have a reduced enzyme activity (down to 65% of normal levels), while 
homozygotes have only 30% of normal activity (Frosst et al., 1995).  In type 2 diabetic 
patients, levels of homocysteine are influenced by their insulin concentrations, therapy with 
insulin, and medications such as metformin and glitazones that can either raise or lower 
homocysteine levels. 
Epidemiological studies have identified elevated homocysteine (hyperhomocysteinaemia) as 
an independent risk factor for cardiovascular disease. Elevated levels of homocysteine (Hcy) 
above 12.1μmol/L have been shown to double the risk of pathophysiological conditions 
such as atherosclerosis, myocardial infarction, cerebral or peripheral vascular diseases 
(Castro et al., 2006). Mean plasma total Hcy (tHcy) was found to be significantly higher both 
in male and female patients with CAD compared to controls with angiographically normal 
coronary arteries (Kang et al., 1992). An increase in plasma Hcy of only 12% greater than the 
upper limit of normal was shown to be associated with an increase by 3.4- fold in the risk of 
myocardial infarction (Stampfer et al., 1992). After adjusting for possible confounders, 
Arnsen et al. (Arnsen et al., 1995) found a relative risk for coronary heart disease of 1.32 for 
an increase in serum Hcy of 4 μmol/l. A meta-analysis of 27 studies relating Hcy to 
coronary, cerebro vascular and peripheral arterial vascular diseases showed a very strong 
relationship between these diseases and tHcy (Boushey et al., 1995).  
Elevated Hcy may also contribute to progressive atherosclerosis by several mechanisms, 
including arterial endothelial function impairment, oxidative stress induction, and the 
promotion of inflammation and thrombosis (Castro et al., 2006; Wald et al., 2002; 2004; 
Jakubowski, 2006). A unifying hypothesis for the mechanism of Hcy-mediated vascular injury 
has not yet been established. One frequently described mechanism involves oxidative damage, 
as Hcy can undergo autoxidation in the plasma or intracellularly, to form various reactive 
oxygen species (Welch & Loscalzo, 1998). The potent reactive superoxide and hydrogen 
peroxides, which are produced during this process, are mainly responsible for the vascular 
toxicity of homocysteine via the formation of oxidized low density lipoprotein (ox-LDL). The 
oxidation of LDL in the artery wall is believed to be the primary event leading to the initiation 
and progression of atherosclerosis (Steinberg & Witztum, 2002; Parthasarathy et al., 1998). Hcy 
has also been shown to decrease the activity (Nishio & Watanabe, 1997) as well as the 
expression of the antioxidant enzyme glutathione peroxidase (Upchurch et al., 1997). Creation 
of a prothrombotic environment by the action of Hcy on various factors involved in 
coagulation has also been proposed (Ratnoff, 1968; Fryer et al., 1993; Nishinaga et al., 1993). 
The reaction of Hcy with nitric oxide (NO) acts to prevent oxidative damage caused by Hcy 
but at the same time reduces the bioavailability of NO by trapping it intracellularly as a 
nitrosothiol (Jacobsen, 2001). Hcy is also a potent mitogen for vascular smooth-muscle cells 
(Harker et al., 1983; Tsai et al., 1994). Aggregates formed by the combination of Hcy 
thiolactone, a cyclical product of Hcy, with LDL (low-density lipoprotein) were shown to be 
taken up by intimal macrophages and be incorporated into atheromatous plaques 
(Naruszewicz et al., 1994). Hcy thiolactone is also incorporated into cellular and secretory 
proteins through lysine homocysteinylation, leading to the dysfunction of the proteins 
(Jakubowski, 1997). The high density lipoprotein (HDL) particle(s) is known to prevent the 
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formation of ox-LDL by means of the HDL-associated enzyme paraoxonase (PON); its 
antioxidant properties prevent the accumulation of lipid peroxides on LDL (Shih et al., 1998).   
Paraoxonase is a multifunctional antioxidant enzyme that not only can destroy Ox-LDL but 
also can detoxify the homocysteine metabolite, homocysteine thiolactone (Jakubowski H, 
1997). In fact, human paraoxonase possesses a thiolactonase (HTase) activity, hydrolyzing Hcy 
thiolactone to Hcy (Jakubowski, 1999). Hcy thiolactone is likely a natural substrate of 
HTase/paraoxonase (Jakubowski, 2004) a product of the PON1 gene (Furlong et al., 1988). 
The effect of diet on human health has already been underlined in many studies. During the 
past years population-based surveys and large-scale clinical trials have provided scientific 
evidence that diets, and especially those rich in fruits, vegetables, legumes, whole grains, 
fish and low-fat dairy products, are associated with lower incidence of various chronic 
diseases, including diabetes, cardiovascular disease and cancer (Ascherio et al., 1992; appel 
et al., 1997; Price & Fowkes, 1997; koubaa et al., 2007). Diet has also an important role among 
the factors affecting homocysteine levels. Mediterranean diet, with a high proportion of 
bioactive compounds (vitamins, polyphenols and flavonoids) proved its efficiency in 
lowering plasma homocysteine levels and reducing the incidence of cardiovascular disease. 
The aim of the current study was to investigate whether elevated Hcy levels are associated 
with oxidation of LDL, and thiolactonase activity in type 2 diabetic patients, and further 
explore the contribution of various dietary components to prevent diabetes vascular 
complications and atherosclerosis progression. 

2. Patients and methods 
2.1 Study population 
110 diabetic patients (54.2 ± 10.7 years) and 120 non diabetic healthy controls (44 ± 12.3 
years) with available metabolic and life style informations were involved in this study.  
These patients did not receive any antioxidant drugs and none used hormonal replacement 
therapy. The following data were obtained: age, sex, weight. Height hip and waist 
circumference were measured using a standard scale. The study was approved by our 
hospital ethical committee, and informed consent was obtained from all patients before their 
enrolment. Major requirements for enrolment in all the groups were: absence of infectious or 
acute/chronic inflammatory diseases, known malignancy, absence of acute/chronic renal 
failure, or hepatic failure.  

2.2 Laboratory procedures 
Validated laboratory procedures were used as described previously (Koubaa et al., 2008). 
Plasmatic total homocysteine (free and protein bound) was determined by a validated 
highly sensitive and accurate capillary gas chromatography mass spectrometry method 
(GC-MS) using a stable isotope as internal standard. Thiolactonase (HTLase) activity was 
estimated by a commercially available kit assay (Alfresa Auto HTLase; Alfresa Pharma 
Corporation, Japan). This method utilizes gamma-thiobutyrolactone as substrate and 
Ellman’s procedure to monitor the accumulation of free sulfhydryl groups via coupling with 
5,5-dithiobis(2-nitrobenzoicacid). Lipids and lipoproteins (Triglycerides: TG; total 
cholesterol: TC mmol/l, High density lipoproteins- cholesterol HDL mmol/l, Low density 
lipoproteins cholesterol: LDL mmol/l, triglycerides: TG mmol/l) concentrations were 
determined by enzymatic way. Apolipoproteins Apo A1 and Apo B were determined by an 
immunoturbidimetric method (Randox, Antrim, UK). Oxidized LDL levels (ox-LDL) were 
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and progression of atherosclerosis (Steinberg & Witztum, 2002; Parthasarathy et al., 1998). Hcy 
has also been shown to decrease the activity (Nishio & Watanabe, 1997) as well as the 
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(Harker et al., 1983; Tsai et al., 1994). Aggregates formed by the combination of Hcy 
thiolactone, a cyclical product of Hcy, with LDL (low-density lipoprotein) were shown to be 
taken up by intimal macrophages and be incorporated into atheromatous plaques 
(Naruszewicz et al., 1994). Hcy thiolactone is also incorporated into cellular and secretory 
proteins through lysine homocysteinylation, leading to the dysfunction of the proteins 
(Jakubowski, 1997). The high density lipoprotein (HDL) particle(s) is known to prevent the 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

181 

formation of ox-LDL by means of the HDL-associated enzyme paraoxonase (PON); its 
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evidence that diets, and especially those rich in fruits, vegetables, legumes, whole grains, 
fish and low-fat dairy products, are associated with lower incidence of various chronic 
diseases, including diabetes, cardiovascular disease and cancer (Ascherio et al., 1992; appel 
et al., 1997; Price & Fowkes, 1997; koubaa et al., 2007). Diet has also an important role among 
the factors affecting homocysteine levels. Mediterranean diet, with a high proportion of 
bioactive compounds (vitamins, polyphenols and flavonoids) proved its efficiency in 
lowering plasma homocysteine levels and reducing the incidence of cardiovascular disease. 
The aim of the current study was to investigate whether elevated Hcy levels are associated 
with oxidation of LDL, and thiolactonase activity in type 2 diabetic patients, and further 
explore the contribution of various dietary components to prevent diabetes vascular 
complications and atherosclerosis progression. 

2. Patients and methods 
2.1 Study population 
110 diabetic patients (54.2 ± 10.7 years) and 120 non diabetic healthy controls (44 ± 12.3 
years) with available metabolic and life style informations were involved in this study.  
These patients did not receive any antioxidant drugs and none used hormonal replacement 
therapy. The following data were obtained: age, sex, weight. Height hip and waist 
circumference were measured using a standard scale. The study was approved by our 
hospital ethical committee, and informed consent was obtained from all patients before their 
enrolment. Major requirements for enrolment in all the groups were: absence of infectious or 
acute/chronic inflammatory diseases, known malignancy, absence of acute/chronic renal 
failure, or hepatic failure.  

2.2 Laboratory procedures 
Validated laboratory procedures were used as described previously (Koubaa et al., 2008). 
Plasmatic total homocysteine (free and protein bound) was determined by a validated 
highly sensitive and accurate capillary gas chromatography mass spectrometry method 
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Corporation, Japan). This method utilizes gamma-thiobutyrolactone as substrate and 
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Role of the Adipocyte in Development of Type 2 Diabetes 

 

182 

measured by a sandwich ELISA method using a commercial kit (ox-LDL ELISA Kit; 
immunodiagnostic Bensheim,Germany).  The dietary habits of the diabetic patients were 
evaluated. Food intakes were estimated by two dieticians using one-week diet recalls. 
Subjects were asked about their daily diet over a week period: they were asked about 
amounts, frequencies and variations in consumption. Nutrient intakes were calculated using 
the software Nutritionist IV computer analysis (Nutritionist IV Computer Analysis 
Program, 1994, Version 3.1, N2 Computing, Hearst Corp. Salem, OR). 

2.3 Statistical analysis 
Statistical analyses were assessed using the Statistical Package for Social Sciences (SPSS Inc., 
Chicago). Data are presented as median (25th to 75th interquartile range I.R) for several 
variables that were not normally distributed and comparison between the 2 groups was 
performed with the Mann–Whitney U test. The normally distributed values were expressed as 
means with standard deviations and group differences analyzed using the Student's t test. To 
test the association between the variables, either Pearson’s correlations or Spearman’s 
correlation rank (R) were used. Values of p<0.05 were considered to be statistically significant. 

3. Results 
3.1 Participants characteristics 
The clinical and biochemical features of the healthy and diabetic patients are listed in table 1. 
Diabetic patients exhibited significantly higher mean values of systolic and diastolic blood  
 

 Healthy controls (n=120) Diabetics (n=110) p 
Age (years) 44 ± 12.3 54.2 ± 10.7 0.00 
BMI (kg/m2) 26.7 ± 4.0 28.9 ± 5.7 0.00 
WHR 0.91 ± 0.08 0.96 ± 0.07 0.01 
SBP (mm Hg) 12.1 ± 1.2 14.6 ± 9 0.033 
DBP (mm Hg) 7.06 ± 0.9 7.8 ± 1.2 0.00 
Glucose (mmol/L) 5.23 ± 1 10.98 ± 4.2 0.00 
Creatinine (µmol/L) 88.2 ± 19.3 85.8 ± 39.2 0.58 
Urea (mmol/L) 4.9 ± 1.6 6.8 ± 2.7 0.00 
Cholesterol (mmol/L) 4.4 ± 1.2 4.9 ± 1.4 0.00 
Triglycerides (mmol/L) 1.3 ± 0.8 2.1 ± 1.2 0.00 
HDL-C (mmol/L) 1.01 ± 0.28 1.01 ± 0.28 0.97 
LDL-C (mmol/L) 2.7 ± 1.1 3 ± 1.5 0.08 
ApoA1 (g/L) 1.29 ± 0.27 1.39 ± 0.43 0.1 
ApoB (g/L) 0.83 ± 0.28 1.39 ± 0.43 0.03 
tHcy (µmol/L) £ 11.76 (10.7 – 12.81) 12.87 (9.7 – 17.5) 0.01 
ox-LDL (ng/mL) 78.4 ± 23.7 139.6 ± 52.2 0.00 
HTase (U/L) 569.9 ± 254 442.8 ± 211.8 0.01 
SBP, DBP: systolic and diastolic blood pressure  
Values are expressed as mean ± SD 
*: p<0.05; **: p<0.001 
£: expressed as median (I.R) and tested with the Mann Whitney’s U test 

Table 1. Clinical and biochemical features of the healthy Tunisians and diabetic patients 
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pressure (SBP and DBP), Waist to hip Ratio (WHR) and body mass index (BMI). As far as 
the biochemical features of the patients and healthy groups were examined, the diabetics 
exhibited significantly elevated urea levels as compared to healthy subjects (4.9 ± 1.6 vs. 6.8 
± 2.7, p= 0.00). Serum triglycerides and total cholesterol levels were also significantly higher 
in these patients (p = 0.00 and p=0.003 respectively) associated to significantly higher Apo B 
levels. In addition we found a significant increase in plasma homocysteine levels (11.76 (10.7 
– 12.81) vs. 12.87 (9.7 – 17.5) µmol/l; P=0.01) associated with lower Thiolactonase activities 
(442.8 ± 211.8 vs. 569.9 ± 254 U/ml, P=0.01) and higher oxidized LDL levels (139.6 ± 52.2 vs. 
78.4 ± 23.7 ng/ml p = 0.00) as compared to healthy subjects (table 1). 

3.2 Correlations analysis 
The correlations between plasma homocysteine levels, thiolactonase activities and 
oxidized LDL levels were then evaluated with some clinical and biochemical features in 
the diabetic patient’s group. As expected, thiolactonase activities were associated 
negatively with tHcy levels (r= -0.554, p= 0.00), total cholesterol (r= -0.345, p< 0.05), LDL 
levels (r= -0.358, p< 0.05). Oxidized LDL levels were in opposite positively correlated with 
total cholesterol (r= 0.313, p< 0.05), creatinine levels (r= 0.353, p< 0.05) and BMI (r= 0.315, 
p< 0.05).  
 

 tHcy HTase ox-
LDL BMI TC LDL-C creatinine 

tHcy 1.00 -.554** -.060 .080 .068 .036 .039 
HTase -.554** 1.000 -.198 -.115 -.345* -.358* -.013 

ox-
LDL -.060 -.198 1.00 .315 * .313* .260 .353* 

*: p<0.05; **: p<0.001 
£: tested with the Spearman’s test of correlation 

Table 2. Correlations between thiolactonase activity, plasma total homocysteine and 
oxidized LDL levels, with some clinical and biochemical features in the diabetic patients 

3.3 Dietary surveys 
As far as the dietary habits were considered we established that in the diabetic patients, the 
relative percentages of protein intakes per total calories were higher (12.4 ± 1.9 vs. 13.7 ± 3.8 
%, p< 0.05) but the relative percentages of carbohydrate intakes per total calories were lower 
(50.7 ± 7.7 vs. 56.8 ± 5.4 %, p<0.001). The diabetic patient’s diet was significantly richer in 
fats (30.8 ± 5.9 vs. 35.9 ± 7.5 %, p<0.00). They were consuming higher polyunsaturated fatty 
acids (14.2 ± 10.4 vs. 21.6 ± 17.4 %, p<0.00) but significantly lower monounsaturated and 
saturated fatty acids. 
Finally, as the correlations with the nutrients and were examined we noticed that tHcy was 
positively correlated with intakes of protein (r = 0.267, p<0.00), saturated fatty acids (r = 
0.334, p<0.00) and cholesterol (r = 0.265, p<0.05) as illustrated in table 4. Plasma 
homocysteine levels were also correlated with dietary sodium and zinc intakes. 
Thiolactonase activity was negatively associated with proteins (r = -0.345, p<0.05) and 
cholesterol intakes (r = -0.313, p<0.05). Ox LDL levels were positively correlated with lipid 
intakes in the diabetic patients (r = 0.324, p<0.05). 
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means with standard deviations and group differences analyzed using the Student's t test. To 
test the association between the variables, either Pearson’s correlations or Spearman’s 
correlation rank (R) were used. Values of p<0.05 were considered to be statistically significant. 

3. Results 
3.1 Participants characteristics 
The clinical and biochemical features of the healthy and diabetic patients are listed in table 1. 
Diabetic patients exhibited significantly higher mean values of systolic and diastolic blood  
 

 Healthy controls (n=120) Diabetics (n=110) p 
Age (years) 44 ± 12.3 54.2 ± 10.7 0.00 
BMI (kg/m2) 26.7 ± 4.0 28.9 ± 5.7 0.00 
WHR 0.91 ± 0.08 0.96 ± 0.07 0.01 
SBP (mm Hg) 12.1 ± 1.2 14.6 ± 9 0.033 
DBP (mm Hg) 7.06 ± 0.9 7.8 ± 1.2 0.00 
Glucose (mmol/L) 5.23 ± 1 10.98 ± 4.2 0.00 
Creatinine (µmol/L) 88.2 ± 19.3 85.8 ± 39.2 0.58 
Urea (mmol/L) 4.9 ± 1.6 6.8 ± 2.7 0.00 
Cholesterol (mmol/L) 4.4 ± 1.2 4.9 ± 1.4 0.00 
Triglycerides (mmol/L) 1.3 ± 0.8 2.1 ± 1.2 0.00 
HDL-C (mmol/L) 1.01 ± 0.28 1.01 ± 0.28 0.97 
LDL-C (mmol/L) 2.7 ± 1.1 3 ± 1.5 0.08 
ApoA1 (g/L) 1.29 ± 0.27 1.39 ± 0.43 0.1 
ApoB (g/L) 0.83 ± 0.28 1.39 ± 0.43 0.03 
tHcy (µmol/L) £ 11.76 (10.7 – 12.81) 12.87 (9.7 – 17.5) 0.01 
ox-LDL (ng/mL) 78.4 ± 23.7 139.6 ± 52.2 0.00 
HTase (U/L) 569.9 ± 254 442.8 ± 211.8 0.01 
SBP, DBP: systolic and diastolic blood pressure  
Values are expressed as mean ± SD 
*: p<0.05; **: p<0.001 
£: expressed as median (I.R) and tested with the Mann Whitney’s U test 

Table 1. Clinical and biochemical features of the healthy Tunisians and diabetic patients 
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pressure (SBP and DBP), Waist to hip Ratio (WHR) and body mass index (BMI). As far as 
the biochemical features of the patients and healthy groups were examined, the diabetics 
exhibited significantly elevated urea levels as compared to healthy subjects (4.9 ± 1.6 vs. 6.8 
± 2.7, p= 0.00). Serum triglycerides and total cholesterol levels were also significantly higher 
in these patients (p = 0.00 and p=0.003 respectively) associated to significantly higher Apo B 
levels. In addition we found a significant increase in plasma homocysteine levels (11.76 (10.7 
– 12.81) vs. 12.87 (9.7 – 17.5) µmol/l; P=0.01) associated with lower Thiolactonase activities 
(442.8 ± 211.8 vs. 569.9 ± 254 U/ml, P=0.01) and higher oxidized LDL levels (139.6 ± 52.2 vs. 
78.4 ± 23.7 ng/ml p = 0.00) as compared to healthy subjects (table 1). 

3.2 Correlations analysis 
The correlations between plasma homocysteine levels, thiolactonase activities and 
oxidized LDL levels were then evaluated with some clinical and biochemical features in 
the diabetic patient’s group. As expected, thiolactonase activities were associated 
negatively with tHcy levels (r= -0.554, p= 0.00), total cholesterol (r= -0.345, p< 0.05), LDL 
levels (r= -0.358, p< 0.05). Oxidized LDL levels were in opposite positively correlated with 
total cholesterol (r= 0.313, p< 0.05), creatinine levels (r= 0.353, p< 0.05) and BMI (r= 0.315, 
p< 0.05).  
 

 tHcy HTase ox-
LDL BMI TC LDL-C creatinine 

tHcy 1.00 -.554** -.060 .080 .068 .036 .039 
HTase -.554** 1.000 -.198 -.115 -.345* -.358* -.013 

ox-
LDL -.060 -.198 1.00 .315 * .313* .260 .353* 

*: p<0.05; **: p<0.001 
£: tested with the Spearman’s test of correlation 

Table 2. Correlations between thiolactonase activity, plasma total homocysteine and 
oxidized LDL levels, with some clinical and biochemical features in the diabetic patients 

3.3 Dietary surveys 
As far as the dietary habits were considered we established that in the diabetic patients, the 
relative percentages of protein intakes per total calories were higher (12.4 ± 1.9 vs. 13.7 ± 3.8 
%, p< 0.05) but the relative percentages of carbohydrate intakes per total calories were lower 
(50.7 ± 7.7 vs. 56.8 ± 5.4 %, p<0.001). The diabetic patient’s diet was significantly richer in 
fats (30.8 ± 5.9 vs. 35.9 ± 7.5 %, p<0.00). They were consuming higher polyunsaturated fatty 
acids (14.2 ± 10.4 vs. 21.6 ± 17.4 %, p<0.00) but significantly lower monounsaturated and 
saturated fatty acids. 
Finally, as the correlations with the nutrients and were examined we noticed that tHcy was 
positively correlated with intakes of protein (r = 0.267, p<0.00), saturated fatty acids (r = 
0.334, p<0.00) and cholesterol (r = 0.265, p<0.05) as illustrated in table 4. Plasma 
homocysteine levels were also correlated with dietary sodium and zinc intakes. 
Thiolactonase activity was negatively associated with proteins (r = -0.345, p<0.05) and 
cholesterol intakes (r = -0.313, p<0.05). Ox LDL levels were positively correlated with lipid 
intakes in the diabetic patients (r = 0.324, p<0.05). 
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 Healthy subjects Diabetics 
Proteins (%) 12.4 ± 1.9 13.7 ± 3.8* 
A/V 1.06 ± 0.27 1.1 ± 0.48 
Carbohydrates 
(%) 

56.8 ± 5.4 50.7 ± 7.7** 

Fats (%) 30.8 ± 5.9 35.9 ± 7.5 ** 
SFA 23.2 ± 9.4 16.8 ± 8.1** 
MUFA 46.9 ± 9.4 32.9 ± 14.8** 
PUFA 14.2 ± 10.4 21.6 ± 17.4* 
Cholesterol (mg) 188.2 ± 154 507.4 ± 206 
Calcium(mg) 483.1 ± 154.3 507.4 ± 206 
Vitamin B1 (mg) 0.49 ± 0.12 0.48 ± 0.16 
Fiber (g) 16.3 ± 4.7 34.2 ± 15.5 
Vitamin C (mg) 77.5± 30.4 82.7 ± 50.5 
Vitamin E (mg) 7.1 ± 3.4 9.9 ± 10 
Folates (µg) 134.4 ± 54.9 157.4 ±  71.2 

A/V: percentage of Animal protein/ percentage of vegetal protein; 
SFA: Saturated fatty acids, 
MUFA: Monounsaturated fatty acids,  
PUFA: Polyunsaturated fatty acids and. 
*: p<0.05; **: p<0.001 

Table 3. Daily nutrient intakes of the healthy and diabetic patients 

 

 Proteins 
(%) 

Fats 
(%) SFA Cholester

ol Sodium Zinc 

tHcy £ .267** -.138 .334** .265* .324* .272* 
HTase -.345* .226 -.012 -.313* -.261 .211 

ox-
LDL -.091 .324* -.028 -.038 -.234 -.260 

*: p<0.05; **: p<0.001 
£: tested with the Spearman’s test of correlation 

Table 4. Correlations between thiolactonase activity, plasma total homocysteine and 
oxidized LDL levels with selected nutrients in the diabetic patients 

4. Discussion 
Diabetic subjects constitute a patient population at high risk for cardiovascular disease, 
due to the influence of a clustering of risk factors. Plasma tHcy is considered as an 
emerging independent nontraditional risk factor for atherosclerotic vascular disease, 
which may enhance the effect of the traditional risk factors (Graham, 1997; Hackam & 
Anand, 2003). It is also a strong predictor of cardiovascular and all-cause mortality 
(Bostom et al., 1999). Therefore, it is important to know if dietary habits and lifestyle can 
affect plasma tHcy levels in this population, and eventually select the patients who would 
be at a higher risk for developing such complications. In the present study, tHcy levels 
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were higher in the diabetic patient’s group. Plasma tHcy levels have been studied 
extensively in diabetic, as well as in non-diabetic subjects. A number of studies did not 
find any differences in plasma tHcy values between diabetic and control subjects (Salarde 
et al., 2000; Lanfredini et al., 1998; Pavia et al. 2000, Diakoumopoulou et al., 2005). Some 
investigators demonstrated lower levels of tHcy in diabetics versus controls (Matteucci et 
al., 2002; Wollesen et al., 1999; Salardi et al., 2000). However, our findings are in 
accordance with other reports where tHcy were higher in the diabetic patients (Passaro et 
al., 2000; Yeromenko et al., 2000). Furthermore, homocysteine increases the production of 
ox-LDL and enhances their uptake by macrophages leading to the formation of foam cells 
that play a crucial role in atherosclerotic lesions (Tsai et al.,). Ox-LDL are considered as 
biochemical markers of coronary artery disease (Toshima et al., 2000 ; Holvoet et al, 2001). 
Accordingly, we found high levels of ox-LDL in diabetic patients exhibiting the highest 
levels of tHcy, which confirms the oxidative effect of homocysteine in the type 2 DM 
patients. Every 5 μM/L increase in the Hcy concentration increases the risk of CVD by 
50%, and TC levels by 20 mg/dL. (Castro et al., 2006; Wald et al., 2002; Nygard et al., 1998; 
Genset et al., 1990). The mechanisms possibly responsible for causing endothelial 
dysfunction include changes in LDL, and Ox- LDL. The oxidation of LDL is increased by 
the combination of thiolactone and apo B’s free lysyl epsilon amino residue (Rocchi et al., 
2007; Mansoor et al., 1993, 2000). When LDL is reacted with Hcythiolactone in methionine, 
which is an explicit initiator of arteriosclerosis, LDL-binding thiol is increased by 250 nM 
per mg of LDL protein (Ferguson et al. 1999). The free amino- or thiol-adducted LDL 
causes aggregation, and increases LDL uptake in macrophages and atheroma production 
by lipids (Perna et al., 2003). Another mechanism by which Hcy may cause LDL oxidation 
is a possible deformation of LDL through Hcy autoxidation, which causes the oxidation of 
side chains of LDL such as fatty acids or apo B- 100 (Young & Woodside , 2000). Both Hcy 
and Ox-LDL could participate in thrombosis by increasing VCAM-1 and ICAM-1, caused 
by endothelial cell activation due to fibrinogen-platelet GPIIb-lIIa formation. Ox-LDL 
affects both initial and progressive stages of arteriosclerosis (Jakubowski, 2000; Dardik et 
al., 2000; Vadachkoria et al., 2004; Erl et al., 2000). On the other hand, circulating Hcy 
reduces NO-induced detoxification, vasodilation, and endothelial function (Rocchi et al., 
2007). NO participates in a metabolic pathway (S-nitroso-HCY) that is able to protect 
against Hcy-induced endothelial oxidative damage. Paraoxonase plays also a key role in 
reducing Hcy endothelial damages. In our previous results, we found a decline in 
endogenous antioxidant defense system capability in type 2 DM patients indicating their 
high oxidative stress (Smaoui et al., 2006). Antioxidant status of enzymes in DM patients 
is controversial. Several authors have reported that lipid peroxides level increases in type 
2 DM patients (Mooradian, 1991); on the other hand, other studies found no significant 
increase in these patients (Velazquez et al., 1991). Among the numerous antioxidant 
enzymes, we focused in the present study on the thiolactonase activities which were 
decreased in the diabetic patients. Most studies evaluated the paraoxonase activity in 
Type I and Type II diabetic patients and found a decreased activity in these patients 
(Boemi et al., 2001; Kordonouri et al., 2001; Letellier et al., 2002; Mackness B et al., 1998; 
2002; Agachan et al., 2004). Paraoxonase is a multifunctional antioxidant enzyme that not 
only can detoxify paraoxon, destroy oxidized low-density lipoprotein (ox-LDL) but also 
can hydrolyze homocysteine thiolactone. 
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due to the influence of a clustering of risk factors. Plasma tHcy is considered as an 
emerging independent nontraditional risk factor for atherosclerotic vascular disease, 
which may enhance the effect of the traditional risk factors (Graham, 1997; Hackam & 
Anand, 2003). It is also a strong predictor of cardiovascular and all-cause mortality 
(Bostom et al., 1999). Therefore, it is important to know if dietary habits and lifestyle can 
affect plasma tHcy levels in this population, and eventually select the patients who would 
be at a higher risk for developing such complications. In the present study, tHcy levels 
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were higher in the diabetic patient’s group. Plasma tHcy levels have been studied 
extensively in diabetic, as well as in non-diabetic subjects. A number of studies did not 
find any differences in plasma tHcy values between diabetic and control subjects (Salarde 
et al., 2000; Lanfredini et al., 1998; Pavia et al. 2000, Diakoumopoulou et al., 2005). Some 
investigators demonstrated lower levels of tHcy in diabetics versus controls (Matteucci et 
al., 2002; Wollesen et al., 1999; Salardi et al., 2000). However, our findings are in 
accordance with other reports where tHcy were higher in the diabetic patients (Passaro et 
al., 2000; Yeromenko et al., 2000). Furthermore, homocysteine increases the production of 
ox-LDL and enhances their uptake by macrophages leading to the formation of foam cells 
that play a crucial role in atherosclerotic lesions (Tsai et al.,). Ox-LDL are considered as 
biochemical markers of coronary artery disease (Toshima et al., 2000 ; Holvoet et al, 2001). 
Accordingly, we found high levels of ox-LDL in diabetic patients exhibiting the highest 
levels of tHcy, which confirms the oxidative effect of homocysteine in the type 2 DM 
patients. Every 5 μM/L increase in the Hcy concentration increases the risk of CVD by 
50%, and TC levels by 20 mg/dL. (Castro et al., 2006; Wald et al., 2002; Nygard et al., 1998; 
Genset et al., 1990). The mechanisms possibly responsible for causing endothelial 
dysfunction include changes in LDL, and Ox- LDL. The oxidation of LDL is increased by 
the combination of thiolactone and apo B’s free lysyl epsilon amino residue (Rocchi et al., 
2007; Mansoor et al., 1993, 2000). When LDL is reacted with Hcythiolactone in methionine, 
which is an explicit initiator of arteriosclerosis, LDL-binding thiol is increased by 250 nM 
per mg of LDL protein (Ferguson et al. 1999). The free amino- or thiol-adducted LDL 
causes aggregation, and increases LDL uptake in macrophages and atheroma production 
by lipids (Perna et al., 2003). Another mechanism by which Hcy may cause LDL oxidation 
is a possible deformation of LDL through Hcy autoxidation, which causes the oxidation of 
side chains of LDL such as fatty acids or apo B- 100 (Young & Woodside , 2000). Both Hcy 
and Ox-LDL could participate in thrombosis by increasing VCAM-1 and ICAM-1, caused 
by endothelial cell activation due to fibrinogen-platelet GPIIb-lIIa formation. Ox-LDL 
affects both initial and progressive stages of arteriosclerosis (Jakubowski, 2000; Dardik et 
al., 2000; Vadachkoria et al., 2004; Erl et al., 2000). On the other hand, circulating Hcy 
reduces NO-induced detoxification, vasodilation, and endothelial function (Rocchi et al., 
2007). NO participates in a metabolic pathway (S-nitroso-HCY) that is able to protect 
against Hcy-induced endothelial oxidative damage. Paraoxonase plays also a key role in 
reducing Hcy endothelial damages. In our previous results, we found a decline in 
endogenous antioxidant defense system capability in type 2 DM patients indicating their 
high oxidative stress (Smaoui et al., 2006). Antioxidant status of enzymes in DM patients 
is controversial. Several authors have reported that lipid peroxides level increases in type 
2 DM patients (Mooradian, 1991); on the other hand, other studies found no significant 
increase in these patients (Velazquez et al., 1991). Among the numerous antioxidant 
enzymes, we focused in the present study on the thiolactonase activities which were 
decreased in the diabetic patients. Most studies evaluated the paraoxonase activity in 
Type I and Type II diabetic patients and found a decreased activity in these patients 
(Boemi et al., 2001; Kordonouri et al., 2001; Letellier et al., 2002; Mackness B et al., 1998; 
2002; Agachan et al., 2004). Paraoxonase is a multifunctional antioxidant enzyme that not 
only can detoxify paraoxon, destroy oxidized low-density lipoprotein (ox-LDL) but also 
can hydrolyze homocysteine thiolactone. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

186 

The mechanism by which PON1 is reduced in diabetes is poorly understood, but may be 
associated with an increase in blood glucose concentration. Glycation can both inactivate 
PON1 and increase lipid peroxidation in HDL (Hedrick et al., 2000). Glycated HDL also has 
a reduced ability to protect against oxidation (Ferretti et al., 2001). PON1 activity and 
concentration were decreased also in studies of healthy subjects with elevated fasting 
glucose levels (Leviev et al., 2001; Kordonouri et al., 2001). Our finding showed a negative 
association between HTase activities, tHcy levels and oxidized LDL levels. These levels were 
associated with higher triglycerides, total cholesterol and also higher Apo B levels.  Apo B is 
superior to cholesterol and triglycerides as a coronary syndrome risk factor due to the 
heterogeneity of lipoprotein particle composition. In fact, plasma Apo B concentrations 
reflect the number of atherogenic lipoprotein particles including LDL, and chylomicron 
remnants which contain variable amounts of triglycerides and cholesterol, but each of these 
particles contain 1 molecule of Apo B as structural protein. Then, higher levels of Apo B 
found in the diabetic patients reflects their higher risk for developing cardiovascular 
diseases (Sniderman et al., 1997).  
The SBP and DBP were also increased in the diabetic patients. The association between 
homocysteine and chronic complications of diabetes mellitus could be explained by 
different mechanisms; direct toxic effect on vascular endothelial and indirect effect on the 
normal methylation in endothelial cells (Weir & Molloy, 2000). Direct toxic effect of 
homocysteine could be mediated by damage to vascular endothelial cells, resulting in 
vascular events, such as microvascular disease. In the study of Fiorina et al. (Fiorina et al., 
1998), Caucasian patients with elevated tHcy levels had significantly higher diastolic 
pressure and mean arterial pressure. These results are similar to our data. Other populations 
(Indians) have shown correlation between homocysteine concentrations and body weight 
(Das et al., 1999). Our results did not show correlations among tHcy and different 
anthropometric parameters (body mass index, waist to hip ratio). Nevertheless, a positive 
correlation between ox-LDL levels and BMI was established in the diabetic patients. There 
was also a positive association between ox-LDL levels and creatinine levels in the diabetic 
patients. No correlation was found between creatinine and tHcy levels. Most studies have 
been able to show a positive correlation between plasma Hcy and plasma creatinine levels, 
suggesting the importance of the kidney in the regulation of plasma Hcy. Renal function in 
Type 2 diabetes appears to change with the progress of the disease: hyperfiltration in the 
early stages and progressive deterioration with the progression of diabetes. Diabetes 
therefore provides an interesting situation with changes in kidney functions being 
superimposed on the already existing changes in the metabolic milieu. Moreover, we found 
a negative association between HTase activities tHcy levels and the levels of total cholesterol 
and ox-LDL. In fact, in certain diseases e.g. diabetes where HDL size is reduced, secretion of 
PON1 is affected due to the fact that PON1 tends to bind to larger sized species of HDL both 
in vivo (Blatter et al.,1993) and  in vitro (Deakin et al., 2002). In addition, in vitro studies 
demonstrated that PON1 was inactivated by oxidized lipids and oxidized LDL (Aviram et 
al., 1999).  PON1 is highly susceptible to inactivation by oxidation. In vitro, PON1 activity is 
protected by the antioxidant polyphenols quercetin and glabridin (Aviram et al., 1999), 
suggesting that dietary antioxidants may play a similar role in vivo. Studies have shown 
that consumption of pomegranate juice, rich in polyphenols and other antioxidants, can 
raise PON1 activity up to 20% in both humans and apoE knockout mice (Kaplan et al., 2001). 
Polyphenols extracted from red wine also increase PON1 activity in mice (Hayek et al., 
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1997). Recent work from Gou´edard et al. (Gou´edard et al., 2004) provides evidence that 
dietary polyphenols can influence PON1 gene expression. Clinical trials of the antioxidant 
vitamins C and E have, to date, been unsuccessful in showing a link between vitamin intake 
and CHD risk. Likewise, their effect, if any, on PON1 activity is not clear. Jarvik et al. (Jarvik 
et al., 2002) found that PON1 activity correlated positively with the quantity of vitamins C 
and E in the diet; however, another study in which vitamin E was given to volunteers 
showed no change in PON1 activity (Arrol et al., 2000). In contrast, oleic acid from olive oil 
is associated with increased activity (Tomas et al., 2001; Wallace et al., 2001). Meals rich in 
used cooking fat, which contains a high content of oxidized lipids, were followed by a 
significant fall in PON1 activity when fed to healthy men (Sutherland et al., 1999). These 
correlations were not confirmed by our results. The thiolactonase activities were correlated 
negatively with protein and cholesterol intakes. Plasma homocysteine levels were in 
opposite positively correlated to protein intakes, the relative percentage of fats and 
saturated fatty acids in diet and sodium intakes. Accordingly, in the Hordaland study that 
included 5917 subjects, a higher intake of saturated fatty acids was positively associated 
with higher concentrations of plasma Hcy. Concentrations of Hcy were higher (by 8.8%) in 
the group with the highest intakes of saturated fatty acids compared to that with the lowest 
intake (Berstad et al., 2007). Food-based feeding trials have shown a reduction in blood Hcy 
in subjects who consume fortified cereals or whole grains in combination with fruits, 
vegetables and low fat dairy products (Lutsey et al., 2006; Appel et al., 2000). Several 
carefully studied populations in Mediterranean countries and in some areas in Asia, where 
traditional diets consist largely of foods of plant origin, exhibit low rates of many chronic 
diseases and long life expectancies. Many case-control and prospective studies have 
provided further evidence that high consumption of plant foods confers numerous health 
benefits. Although the mechanisms are not fully understood, carotenoids, folic acid, and 
fiber, all of which are abundant in the Mediterranean diet, appear to play important roles in 
the prevention of coronary artery disease (Kushi et al., 1995).  

5. Conclusion 
In conclusion, Hcy and thiolactonase activities and oxidized levels are interrelated in type 2 
diabetic patients and are responsible, at least partly, of the vascular complications. Strong 
evidence suggested that excess of plasma homocysteine disturb lipid metabolism via the 
oxidation of LDL particle and its aggregation, and enhancing atherosclerosis progression. 
Another line of evidence suggested that thiolactonase activity is affect in diabetics partly by 
a glycation process that accentuates the endothelial damages of homocysteine. A very 
interesting aspect to be tested in future studies is the beneficial effect of certain nutriments 
on lipid parameters and plasma homocysteine levels. Future long-term studies on larger 
populations are needed for determining the exact role of homocysteine in the development 
of diabetes vascular complications and the metabolic ways of prevention. 
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raise PON1 activity up to 20% in both humans and apoE knockout mice (Kaplan et al., 2001). 
Polyphenols extracted from red wine also increase PON1 activity in mice (Hayek et al., 
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1997). Recent work from Gou´edard et al. (Gou´edard et al., 2004) provides evidence that 
dietary polyphenols can influence PON1 gene expression. Clinical trials of the antioxidant 
vitamins C and E have, to date, been unsuccessful in showing a link between vitamin intake 
and CHD risk. Likewise, their effect, if any, on PON1 activity is not clear. Jarvik et al. (Jarvik 
et al., 2002) found that PON1 activity correlated positively with the quantity of vitamins C 
and E in the diet; however, another study in which vitamin E was given to volunteers 
showed no change in PON1 activity (Arrol et al., 2000). In contrast, oleic acid from olive oil 
is associated with increased activity (Tomas et al., 2001; Wallace et al., 2001). Meals rich in 
used cooking fat, which contains a high content of oxidized lipids, were followed by a 
significant fall in PON1 activity when fed to healthy men (Sutherland et al., 1999). These 
correlations were not confirmed by our results. The thiolactonase activities were correlated 
negatively with protein and cholesterol intakes. Plasma homocysteine levels were in 
opposite positively correlated to protein intakes, the relative percentage of fats and 
saturated fatty acids in diet and sodium intakes. Accordingly, in the Hordaland study that 
included 5917 subjects, a higher intake of saturated fatty acids was positively associated 
with higher concentrations of plasma Hcy. Concentrations of Hcy were higher (by 8.8%) in 
the group with the highest intakes of saturated fatty acids compared to that with the lowest 
intake (Berstad et al., 2007). Food-based feeding trials have shown a reduction in blood Hcy 
in subjects who consume fortified cereals or whole grains in combination with fruits, 
vegetables and low fat dairy products (Lutsey et al., 2006; Appel et al., 2000). Several 
carefully studied populations in Mediterranean countries and in some areas in Asia, where 
traditional diets consist largely of foods of plant origin, exhibit low rates of many chronic 
diseases and long life expectancies. Many case-control and prospective studies have 
provided further evidence that high consumption of plant foods confers numerous health 
benefits. Although the mechanisms are not fully understood, carotenoids, folic acid, and 
fiber, all of which are abundant in the Mediterranean diet, appear to play important roles in 
the prevention of coronary artery disease (Kushi et al., 1995).  

5. Conclusion 
In conclusion, Hcy and thiolactonase activities and oxidized levels are interrelated in type 2 
diabetic patients and are responsible, at least partly, of the vascular complications. Strong 
evidence suggested that excess of plasma homocysteine disturb lipid metabolism via the 
oxidation of LDL particle and its aggregation, and enhancing atherosclerosis progression. 
Another line of evidence suggested that thiolactonase activity is affect in diabetics partly by 
a glycation process that accentuates the endothelial damages of homocysteine. A very 
interesting aspect to be tested in future studies is the beneficial effect of certain nutriments 
on lipid parameters and plasma homocysteine levels. Future long-term studies on larger 
populations are needed for determining the exact role of homocysteine in the development 
of diabetes vascular complications and the metabolic ways of prevention. 

6. Acknowledgment  
This work was supported by a grant from the “Ministère de l'Enseignement Supérieur, de la 
Recherche Scientifique et de la Technologie” UR “Nutrition Humaine et Désordres 
Métaboliques” UR03ES08 and USCR-Spectrométrie de masse. We would like to thank 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

188 

Alfresa Pharma Corporation, Japan for their assistance. We are also thankful to all the 
clinicians for their assistance with patients and controls recruitment. 

7. References  
Agachan, B., Yilmaz, H., Karaali, Z. and Isbir, T. (2004). Paraoxonase 55 and 192 

polymorphism and its relationship to serum paraoxonase activity and serum lipids 
in Turkish patients with non-insulin dependent diabetes mellitus. Cell. Biochem. 
Funct. Vol.22, pp.163–168.  

Appel, L., Moore, T., Obarzanek, E., Vollmer, W., Svetkey, L., Sacks, F.,  Bray, G.A., Vogt, 
T.M., Cutler, J.A., Windhauser, M,M., Lin, P.H., Karanja, N.A. (1997). Clinical trial 
of the effects of dietary patterns on blood pressure.  N Engl J Med.   Vol.336, 
pp.1117-24. 

Appel, L.J., Miller, E.R., Jee, S.H., Stolzenberg-Solomon, R., Lin, P.H., Erlinger, T. (2000). 
Effect of dietary patterns on serum homocysteine: results of a randomized, 
controlled feeding study. Circulation. Vol.102, pp. 852-7. 

Arnesen, E., Refsum, H., Bonaa, K.H., Ueland, P.M., Forde, O.H., Nordrehaug, J.E.  (1995). 
Serum total homocysteine and coronary heart disease.  Int. J. Epidemiol, vol.24, 
pp.704–709. 

Arrol, S., Mackness, M. I. and Durrington, P. N. (2000). Vitamin E supplementaion increases 
the resistance of both LDL and HDL to oxidation and increases cholesteryl ester 
transfer activity. Atherosclerosis. Vol.150, pp.129–134. 

Ascherio, A., Rimm, E.B., Giovannucci, E.L. (1992). A prospective study of nutritional factors 
and hypertension among US men. Circulation, vol.86, pp. 475-84. 

Aviram, M., Rosenblat, M., Billecke, S. (1999). Human serum paraoxonase (PON1) is 
inactivated by oxidised low density lipoprotein and preserved by antioxidants. Free 
Radicals Biol. Med. Vol.26, pp.892–904. 

Baynes JW, Thorpe SR. (1999). Role of oxidative stress in diabetic complications: a new 
perspective on an old paradigm. Diabetes, vol.48, pp.1-9. 

Berstad, P., Konstantinova, S.V., Refsum, H., Nurk, E., Vollset, S.E, Tell, G.S., Ueland, P.M, 
Drevon, C.A, Ursin, G. (2007).Dietary fat 

 andplasma total homocysteine concentrations in 2 adult age groups: the 
hordaland Homocysteine Study. Am. J. Clin. Nutr. Vol.85, pp.1598–1605. 

Blatter, M.C., James, R. W., Messmer, S., Barja, F. and Pometta, D. (1993). Identification of a 
distinct human high-density lipoprotein subspecies defined by a lipoprotein-
associated protein, K-45. Identity of K-45 with  paraoxonase. Eur. J. Biochem. Vol. 
211, pp. 871–879 

Boemi, M., Leviev, I., Sirolla, C., Pieri, C., Marra, M. and James, R. W. (2001). Serum 
paraoxonase is reduced in type 1 diabetic patients compared to non-diabetic, first 
degree relatives; influence on the ability of HDL to protect LDL from oxidation. 
Atherosclerosis. Vol.155, pp.229–35. 

Bostom, A.G., Silberhatz, H., Rosenberg, I.H., Selhub, J., D’Agostino, R.B., Wolf, P.A. (1999). 
Non-fasting plasma total homocysteine levels and all-cause and cardiovascular 
disease mortality in elderly Framingham men and women. Arch Intern Med. 
Vol.159, pp.1077-80. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

189 

Boushey, C.J., Beresford, S.A., Omenn, G.S. and Motulsky, A.G. (1995). A quantitative 
assessment of plasma homocysteine as a risk factor for vascular disease. Probable 
benefits of increasing folic acid intakes. J. Am. Med. Assoc. vol.274, pp. 1049–1057. 

Castro, R., Rivera I, Blom, H.J., Jakobs, C., Tavares de Almeida, I. (2006). Homocysteine 
metabolism, hyperhomocystenemia and vascular disease: an overview. J Inherit 
Metab Dis, vol.29, pp.3-20. 

Castro, R., Rivera, I., Blom, H.J., Jakobs, C., Tavares de Almeida, I. (2006). Homocysteine 
metabolism, hyperhomocystenemia and vascular disease: an overview. J Inherit 
Metab Dis. Vol.29, pp.3-20. 

Dardik, R., Varon, D., Tamarin, I., Zivelin, A., Salomon, O., Shenkman, B. (2000). 
Homocysteine and oxidized low density lipoprotein enhanced platelet adhesion to 
endothelial cells under flow conditions: distinct mechanisms of thrombogenic 
modulation. Thromb Haemost. Vol.83, pp.338-44. 

Deakin, S., Leviev, I., Gomaraschi, M., Calabresi, L., Franceschini, G. and James, R. W. 
(2002). Enzymatically active paraoxonase-1 is located at the external membrane of 
producing cells and released by a high affinity, saturable, desorption mechanism. J. 
Biol. Chem. Vol.277,  pp.4301–4308. 

Diakoumopoulou, E., Tentolouris, N., Kirlaki, E., Perrea, D., Kitsou, E., Psallas, 
M., Doulgerakis, D., Katsilambros N. (2005). Plasma homocysteine levels in patients 
with type 2 diabetes in a Mediterranean population: relation with nutritional and 
other factors. Nutr Metab Cardiovasc Dis.  Vol.15, n.(2), pp.109-17 

Erl, W., Weber, P.C., Weber, C. (1998). Monocytic cell adhesion to endothelial cells 
stimulated by oxidized low density lipoprotein is mediated by distinct endothelial 
ligands. Atherosclerosis. Vol.136, pp.297-303. 

Ferguson, E., Hogg, N., Antholine, W.E., Joseph, J., Singh, R.J., Parthasarathy, S. (1999). 
Characterization of the adduct formed from the reaction between homocysteine 
thiolactone and low-density lipoprotein: antioxidant implications. Free Radic Biol 
Med. Vol.26, pp. 968-77. 

Ferretti, G., Bacchetti, T., Marchionni, C., Caldarelli, L. and Curatola, G. (2001). Effect of 
glycation of high density lipoproteins on their physiochemical properties and on 
paraoxonase activity. Acta Diabetol. Vol.38, pp.163–169. 

Frosst, P., Blom, H.J., Milos, R., Goyette, P., Sheppard, C.A., Metthews, R.G. (1995). A 
candidate genetic risk factor for vascular disease: a common mutation in 
methylenetetrahydrofolate reductase. Nat Genet. Vol.10, pp.111–3. 

Fryer, R.H., Wilson, B.D., Gubler, D.B., Fitzgerald, L.A., Rodgers, G.M. (1993). 
Homocysteine, a risk factor for premature vascular disease and thrombosis, 
induces tissue factor activity in endothelial cells Arterioscler. Thromb. Vol.13, 
pp.1327–1333. 

Furlong, C.E., Richter, R.J., Seidel, S.L., Motulsky, A.G. (1988). Role of genetic polymorphism 
of human plasma paraoxonase/arylesterase in hydrolysis of the insecticide 
metabolites chlorpyrifos oxon and paraoxon. Am J Hum Genet. Vol.43, pp.230–8. 

Genest, J.J. Jr, McNamara ,J.R., Salem, D.N., Wilson, P.W., Schaefer, E.J., Malinow, M.R. 
(1990).Plasma homocyst(e)ine levels in men with premature coronary artery 
disease. J Am Coll Cardiol. Vol.16, pp.1114-9. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

188 

Alfresa Pharma Corporation, Japan for their assistance. We are also thankful to all the 
clinicians for their assistance with patients and controls recruitment. 

7. References  
Agachan, B., Yilmaz, H., Karaali, Z. and Isbir, T. (2004). Paraoxonase 55 and 192 

polymorphism and its relationship to serum paraoxonase activity and serum lipids 
in Turkish patients with non-insulin dependent diabetes mellitus. Cell. Biochem. 
Funct. Vol.22, pp.163–168.  

Appel, L., Moore, T., Obarzanek, E., Vollmer, W., Svetkey, L., Sacks, F.,  Bray, G.A., Vogt, 
T.M., Cutler, J.A., Windhauser, M,M., Lin, P.H., Karanja, N.A. (1997). Clinical trial 
of the effects of dietary patterns on blood pressure.  N Engl J Med.   Vol.336, 
pp.1117-24. 

Appel, L.J., Miller, E.R., Jee, S.H., Stolzenberg-Solomon, R., Lin, P.H., Erlinger, T. (2000). 
Effect of dietary patterns on serum homocysteine: results of a randomized, 
controlled feeding study. Circulation. Vol.102, pp. 852-7. 

Arnesen, E., Refsum, H., Bonaa, K.H., Ueland, P.M., Forde, O.H., Nordrehaug, J.E.  (1995). 
Serum total homocysteine and coronary heart disease.  Int. J. Epidemiol, vol.24, 
pp.704–709. 

Arrol, S., Mackness, M. I. and Durrington, P. N. (2000). Vitamin E supplementaion increases 
the resistance of both LDL and HDL to oxidation and increases cholesteryl ester 
transfer activity. Atherosclerosis. Vol.150, pp.129–134. 

Ascherio, A., Rimm, E.B., Giovannucci, E.L. (1992). A prospective study of nutritional factors 
and hypertension among US men. Circulation, vol.86, pp. 475-84. 

Aviram, M., Rosenblat, M., Billecke, S. (1999). Human serum paraoxonase (PON1) is 
inactivated by oxidised low density lipoprotein and preserved by antioxidants. Free 
Radicals Biol. Med. Vol.26, pp.892–904. 

Baynes JW, Thorpe SR. (1999). Role of oxidative stress in diabetic complications: a new 
perspective on an old paradigm. Diabetes, vol.48, pp.1-9. 

Berstad, P., Konstantinova, S.V., Refsum, H., Nurk, E., Vollset, S.E, Tell, G.S., Ueland, P.M, 
Drevon, C.A, Ursin, G. (2007).Dietary fat 

 andplasma total homocysteine concentrations in 2 adult age groups: the 
hordaland Homocysteine Study. Am. J. Clin. Nutr. Vol.85, pp.1598–1605. 

Blatter, M.C., James, R. W., Messmer, S., Barja, F. and Pometta, D. (1993). Identification of a 
distinct human high-density lipoprotein subspecies defined by a lipoprotein-
associated protein, K-45. Identity of K-45 with  paraoxonase. Eur. J. Biochem. Vol. 
211, pp. 871–879 

Boemi, M., Leviev, I., Sirolla, C., Pieri, C., Marra, M. and James, R. W. (2001). Serum 
paraoxonase is reduced in type 1 diabetic patients compared to non-diabetic, first 
degree relatives; influence on the ability of HDL to protect LDL from oxidation. 
Atherosclerosis. Vol.155, pp.229–35. 

Bostom, A.G., Silberhatz, H., Rosenberg, I.H., Selhub, J., D’Agostino, R.B., Wolf, P.A. (1999). 
Non-fasting plasma total homocysteine levels and all-cause and cardiovascular 
disease mortality in elderly Framingham men and women. Arch Intern Med. 
Vol.159, pp.1077-80. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

189 

Boushey, C.J., Beresford, S.A., Omenn, G.S. and Motulsky, A.G. (1995). A quantitative 
assessment of plasma homocysteine as a risk factor for vascular disease. Probable 
benefits of increasing folic acid intakes. J. Am. Med. Assoc. vol.274, pp. 1049–1057. 

Castro, R., Rivera I, Blom, H.J., Jakobs, C., Tavares de Almeida, I. (2006). Homocysteine 
metabolism, hyperhomocystenemia and vascular disease: an overview. J Inherit 
Metab Dis, vol.29, pp.3-20. 

Castro, R., Rivera, I., Blom, H.J., Jakobs, C., Tavares de Almeida, I. (2006). Homocysteine 
metabolism, hyperhomocystenemia and vascular disease: an overview. J Inherit 
Metab Dis. Vol.29, pp.3-20. 

Dardik, R., Varon, D., Tamarin, I., Zivelin, A., Salomon, O., Shenkman, B. (2000). 
Homocysteine and oxidized low density lipoprotein enhanced platelet adhesion to 
endothelial cells under flow conditions: distinct mechanisms of thrombogenic 
modulation. Thromb Haemost. Vol.83, pp.338-44. 

Deakin, S., Leviev, I., Gomaraschi, M., Calabresi, L., Franceschini, G. and James, R. W. 
(2002). Enzymatically active paraoxonase-1 is located at the external membrane of 
producing cells and released by a high affinity, saturable, desorption mechanism. J. 
Biol. Chem. Vol.277,  pp.4301–4308. 

Diakoumopoulou, E., Tentolouris, N., Kirlaki, E., Perrea, D., Kitsou, E., Psallas, 
M., Doulgerakis, D., Katsilambros N. (2005). Plasma homocysteine levels in patients 
with type 2 diabetes in a Mediterranean population: relation with nutritional and 
other factors. Nutr Metab Cardiovasc Dis.  Vol.15, n.(2), pp.109-17 

Erl, W., Weber, P.C., Weber, C. (1998). Monocytic cell adhesion to endothelial cells 
stimulated by oxidized low density lipoprotein is mediated by distinct endothelial 
ligands. Atherosclerosis. Vol.136, pp.297-303. 

Ferguson, E., Hogg, N., Antholine, W.E., Joseph, J., Singh, R.J., Parthasarathy, S. (1999). 
Characterization of the adduct formed from the reaction between homocysteine 
thiolactone and low-density lipoprotein: antioxidant implications. Free Radic Biol 
Med. Vol.26, pp. 968-77. 

Ferretti, G., Bacchetti, T., Marchionni, C., Caldarelli, L. and Curatola, G. (2001). Effect of 
glycation of high density lipoproteins on their physiochemical properties and on 
paraoxonase activity. Acta Diabetol. Vol.38, pp.163–169. 

Frosst, P., Blom, H.J., Milos, R., Goyette, P., Sheppard, C.A., Metthews, R.G. (1995). A 
candidate genetic risk factor for vascular disease: a common mutation in 
methylenetetrahydrofolate reductase. Nat Genet. Vol.10, pp.111–3. 

Fryer, R.H., Wilson, B.D., Gubler, D.B., Fitzgerald, L.A., Rodgers, G.M. (1993). 
Homocysteine, a risk factor for premature vascular disease and thrombosis, 
induces tissue factor activity in endothelial cells Arterioscler. Thromb. Vol.13, 
pp.1327–1333. 

Furlong, C.E., Richter, R.J., Seidel, S.L., Motulsky, A.G. (1988). Role of genetic polymorphism 
of human plasma paraoxonase/arylesterase in hydrolysis of the insecticide 
metabolites chlorpyrifos oxon and paraoxon. Am J Hum Genet. Vol.43, pp.230–8. 

Genest, J.J. Jr, McNamara ,J.R., Salem, D.N., Wilson, P.W., Schaefer, E.J., Malinow, M.R. 
(1990).Plasma homocyst(e)ine levels in men with premature coronary artery 
disease. J Am Coll Cardiol. Vol.16, pp.1114-9. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

190 

Gouedard, C., Barouki, R. and Morel, Y. (2004). Dietary polyphenols increase paraoxonase 1 
gene expression by an aryl hydrocarbon receptor-dependant mechanism. Mol. Cell. 
Biol. Vol.24, pp.5209–5222. 

Graham, I.M., Daly, L.E., Refsum, H.M., Robinson, K., Brattstrom, L.E., Ueland, P.M. (1997). 
Plasma homocysteine as a risk factor for vascular disease. The European Concerted 
Action Project. J Am Med Assoc. vol.277, n.(22), pp. 1775-81. 

Hackam, D.G., Anand, S.S. (2003). Emerging risk factors for atherosclerotic vascular disease. 
J Am Med Assoc. vol.290, pp.932-40. 

Harker, L.A., Harlan, J.M., Ross, R. (1983). Effect of sulfinpyrazone on homocysteine-
induced endothelial injury and arteriosclerosis in baboons.  Circ. Res. Vol.53, 
pp.731–739.  

Hayek, T., Fuhrman, B., Vaya, J. et al. (1997). Reduced progression of atherosclerosis in the 
apolipoprotein E deficient mice following consumption of red wine, or its 
polyphenols quercetin, or catechin, is associated with reduced susceptibility of LDL 
to oxidation and to aggregation. Arterioscler., Thromb., Vasc. Biol. Vol.17, pp.2744–
2752. 

Hedrick, C. C., Thorpe, S. R., Fu, M. X. et al. (2000). Glycation impairs high-density 
lipoprotein function.  Diabetologia. Vol.43, pp.312–320. 

Holvoe,t P., Mertens, A., Verhamme, P. (2001). Circulating oxidized LDL is a useful marker 
for identifying patients with coronary artery disease. Arterioscler Thromb Vasc Biol.  
Vol.21, pp.844–8. 

Jacobsen, D.W. (2001) in Homocysteine in Health and Disease (Carmel, R. and Jacobsen, 
D.W., eds), pp. 425–440, Cambridge University Press, Cambridge 

Jakubowski, H. (1997). Metabolism of homocysteine thiolactone in human cell cultures. J Biol 
Chem. vol. 272, pp.1935-42. 

Jakubowski, H. (2000). Homocysteine thiolactone: metabolic origin and protein 
homocysteinylation in humans. J Nutr. Vol.130, pp.377-81. 

Jakubowski, H. (2004). Biochemical basis of homocysteine toxicity in humans. Mol Cell Life 
Sci. vol.61, pp.470–87. Jakubowski,  H. (1999).Protein homocysteinylation: possible 
mechanism underlying pathological consequences of elevated homocysteine levels. 
FASEB J. vol.13, pp.2277–83. 

Jakubowski, H. (2006). Pathophysiological consequences of homocysteine excess. J Nutr. 
Vol.136, pp.1741-9. 

Jarvik, G. P., Tsai, N. T., McKinstry, L. A. (2002). Vitamin C and E intake is associated with 
increased paraoxonase activity. Arterioscler., Thromb., Vasc. Biol. Vol.22, pp.1329–
1333 

Kang, S.S., Wong, P.W., Malinow, M.R. (1992). Hyperhomocyst(e)inemia as a risk factor for 
occlusive vascular disease. Annu. Rev. Nutr. vol.12, pp.279–298. 

Kannel, WB., McGee, DL. (1979). Diabetes and cardiovascular disease. The Framingham 
study. JAMA, vol.241, pp.2035–2038. 

Kaplan, M., Hayek, T., Raz, A. et al. (2001). Pomegranate juice supplementation to 
atherosclerotic mice reduces macrophage lipid peroxidation, cellular cholesterol 
accumulation and development of atherosclerosis.J. Nutr. Vol.131, pp.2082–2089. 

Kloor, D., Osswald, H. (2004) S-Adenosylhomocysteine hydrolase as a target for 
intracellular adenosine action. Trends Pharmacol. Sci. vol.25, pp. 294–297. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

191 

Kordonouri, O., James, R. W., Bennetts, B. (2001). Modulation by blood glucose levels of 
activity and concentration of paraoxonase in young patients with type 1 diabetes 
mellitus. Metab. Clin. Exp. Vol.50, pp. 657–660. 

Koubaa, N., Hammami, S., Nakbi, A., Ben Hamda, K., Mahjoub, S., Kosaka, T.  Hammami, 
M. (2008). Relationship between thiolactonase activity and hyperhomocysteinemia 
according to MTHFR gene polymorphism in Tunisian Behcet’s disease patients. 
Clin Chem Lab Med. Vol. 46, n.(2), pp.187–192.  

Koubaa, N., Nakbi, A., Smaoui, M., Abid, N., Chaaba, R., Abid, M., Hammami, M.  (200   7). 
Hyperhomocysteinemia and elevated ox-LDL in Tunisian type 2 diabetic patients: 
Role of genetic and dietary factors. Clin Biochem. Vol.40, pp.1007–1014. 

Kushi, L.H., Lenart, E.B., Willett, W.C. (1995). Health implications of Mediterranean diets in 
light of contemporary knowledge. 1. Plant foods and dairy products. Am J Clin 
Nutr. Vol.61(suppl), pp.1407–15. 

Lanfredini, M., Fiorina, P., Peca, M.G., Veronelli, A., Mello, A., Astorri, E., Dall'Aglio, P., 
Craveri, A. (1998). Fasting and post-methionine load homocyst(e)ine values are 
correlated with microalbuminuria and could contribute to worsening vascular 
damage in non-insulin-dependent diabetes mellitus patients. Metabolism. Vol.47, 
pp.915-21. 

Letellier, C., Durou, M. R., Jouanolle, A. M., Le Gall, J. Y., Poirier, J. Y. and Ruelland, A. 
(2002). Serum paraoxonase activity and paraoxonase gene polymorphism in type 2 
diabetic patients with or without vascular complications. Diabetes Metab. Vol.28, pp. 
297–304. 

Leviev, I., Kalix, B., Brulhart Meynet, M.-C. and James, R. W. (2001). The paraoxonase PON1 
promoter polymorphism C(−107)T is associated with increased serum glucose 
concentrations in non-diabetic patients. Diabetologia. Vol. 44, pp.1177–1183. 

Lutsey, P.L., Steffen, L.M., Feldman, H.A., Hoelscher, D.H., Webber, L.S., Luepker, R.V. 
(2006). Serum homocysteine is related to food intake in adolescents: the Child and 
Adolescent Trial for Cardiovascular Health. Am J Clin Nutr. Vol.83, pp.1380-6. 

Mackness, B., Durrington, P. N., Boulton, A. J., Hine, D. and Mackness, M. I. (2002). Serum 
paraoxonase activity in patients with type 1 diabetes compared to healthy controls. 
Eur. J. Clin. Invest. Vol.32, pp. 259–256. 

Mackness, B., Mackness, M. I., Arrol, S. et al. (1998) Serum paraoxonase (PON1) 55 and 192 
polymorphism and paraoxonase activity and concentration in non-insulin 
dependent diabetes mellitus. Atherosclerosis. Vol.139, pp. 341–349.  

Majors, A., Ehrhart, L.A., Pezacka, E.H. (1997). Homocysteine as a risk factor for vascular 
disease, enhanced collagen production and accumulation by smooth muscle cells. 
Arterioscler Thromb Vasc Biol. Vol.17, pp.2074–81.  

Mansoor, M.A., Bergmark, C., Haswell, S.J., Savage, I.F., Evans, P.H., Berge, R.K. (2000). 
Correlation between plasma total homocysteine and copper in patients with 
peripheral vascular disease. Clin Chem. Vol.46, pp.385-91. 

Mansoor, M.A., Ueland, P.M., Aarsland, A., Svardal, A.M. (1993). Redox status and protein 
binding of plasma  homocysteine and other aminothiols in patients with 
homocystinuria. Metabolism. Vol. 42, pp.1481-5. 

Matteucci, E., Rossi, L., Mariani, S., Fagnani, F., Quilici, V., Cinapri, V. (2002). Blood levels of 
total homocysteine in patients with type 1 diabetes (with no complications, diabetic 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

190 

Gouedard, C., Barouki, R. and Morel, Y. (2004). Dietary polyphenols increase paraoxonase 1 
gene expression by an aryl hydrocarbon receptor-dependant mechanism. Mol. Cell. 
Biol. Vol.24, pp.5209–5222. 

Graham, I.M., Daly, L.E., Refsum, H.M., Robinson, K., Brattstrom, L.E., Ueland, P.M. (1997). 
Plasma homocysteine as a risk factor for vascular disease. The European Concerted 
Action Project. J Am Med Assoc. vol.277, n.(22), pp. 1775-81. 

Hackam, D.G., Anand, S.S. (2003). Emerging risk factors for atherosclerotic vascular disease. 
J Am Med Assoc. vol.290, pp.932-40. 

Harker, L.A., Harlan, J.M., Ross, R. (1983). Effect of sulfinpyrazone on homocysteine-
induced endothelial injury and arteriosclerosis in baboons.  Circ. Res. Vol.53, 
pp.731–739.  

Hayek, T., Fuhrman, B., Vaya, J. et al. (1997). Reduced progression of atherosclerosis in the 
apolipoprotein E deficient mice following consumption of red wine, or its 
polyphenols quercetin, or catechin, is associated with reduced susceptibility of LDL 
to oxidation and to aggregation. Arterioscler., Thromb., Vasc. Biol. Vol.17, pp.2744–
2752. 

Hedrick, C. C., Thorpe, S. R., Fu, M. X. et al. (2000). Glycation impairs high-density 
lipoprotein function.  Diabetologia. Vol.43, pp.312–320. 

Holvoe,t P., Mertens, A., Verhamme, P. (2001). Circulating oxidized LDL is a useful marker 
for identifying patients with coronary artery disease. Arterioscler Thromb Vasc Biol.  
Vol.21, pp.844–8. 

Jacobsen, D.W. (2001) in Homocysteine in Health and Disease (Carmel, R. and Jacobsen, 
D.W., eds), pp. 425–440, Cambridge University Press, Cambridge 

Jakubowski, H. (1997). Metabolism of homocysteine thiolactone in human cell cultures. J Biol 
Chem. vol. 272, pp.1935-42. 

Jakubowski, H. (2000). Homocysteine thiolactone: metabolic origin and protein 
homocysteinylation in humans. J Nutr. Vol.130, pp.377-81. 

Jakubowski, H. (2004). Biochemical basis of homocysteine toxicity in humans. Mol Cell Life 
Sci. vol.61, pp.470–87. Jakubowski,  H. (1999).Protein homocysteinylation: possible 
mechanism underlying pathological consequences of elevated homocysteine levels. 
FASEB J. vol.13, pp.2277–83. 

Jakubowski, H. (2006). Pathophysiological consequences of homocysteine excess. J Nutr. 
Vol.136, pp.1741-9. 

Jarvik, G. P., Tsai, N. T., McKinstry, L. A. (2002). Vitamin C and E intake is associated with 
increased paraoxonase activity. Arterioscler., Thromb., Vasc. Biol. Vol.22, pp.1329–
1333 

Kang, S.S., Wong, P.W., Malinow, M.R. (1992). Hyperhomocyst(e)inemia as a risk factor for 
occlusive vascular disease. Annu. Rev. Nutr. vol.12, pp.279–298. 

Kannel, WB., McGee, DL. (1979). Diabetes and cardiovascular disease. The Framingham 
study. JAMA, vol.241, pp.2035–2038. 

Kaplan, M., Hayek, T., Raz, A. et al. (2001). Pomegranate juice supplementation to 
atherosclerotic mice reduces macrophage lipid peroxidation, cellular cholesterol 
accumulation and development of atherosclerosis.J. Nutr. Vol.131, pp.2082–2089. 

Kloor, D., Osswald, H. (2004) S-Adenosylhomocysteine hydrolase as a target for 
intracellular adenosine action. Trends Pharmacol. Sci. vol.25, pp. 294–297. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

191 

Kordonouri, O., James, R. W., Bennetts, B. (2001). Modulation by blood glucose levels of 
activity and concentration of paraoxonase in young patients with type 1 diabetes 
mellitus. Metab. Clin. Exp. Vol.50, pp. 657–660. 

Koubaa, N., Hammami, S., Nakbi, A., Ben Hamda, K., Mahjoub, S., Kosaka, T.  Hammami, 
M. (2008). Relationship between thiolactonase activity and hyperhomocysteinemia 
according to MTHFR gene polymorphism in Tunisian Behcet’s disease patients. 
Clin Chem Lab Med. Vol. 46, n.(2), pp.187–192.  

Koubaa, N., Nakbi, A., Smaoui, M., Abid, N., Chaaba, R., Abid, M., Hammami, M.  (200   7). 
Hyperhomocysteinemia and elevated ox-LDL in Tunisian type 2 diabetic patients: 
Role of genetic and dietary factors. Clin Biochem. Vol.40, pp.1007–1014. 

Kushi, L.H., Lenart, E.B., Willett, W.C. (1995). Health implications of Mediterranean diets in 
light of contemporary knowledge. 1. Plant foods and dairy products. Am J Clin 
Nutr. Vol.61(suppl), pp.1407–15. 

Lanfredini, M., Fiorina, P., Peca, M.G., Veronelli, A., Mello, A., Astorri, E., Dall'Aglio, P., 
Craveri, A. (1998). Fasting and post-methionine load homocyst(e)ine values are 
correlated with microalbuminuria and could contribute to worsening vascular 
damage in non-insulin-dependent diabetes mellitus patients. Metabolism. Vol.47, 
pp.915-21. 

Letellier, C., Durou, M. R., Jouanolle, A. M., Le Gall, J. Y., Poirier, J. Y. and Ruelland, A. 
(2002). Serum paraoxonase activity and paraoxonase gene polymorphism in type 2 
diabetic patients with or without vascular complications. Diabetes Metab. Vol.28, pp. 
297–304. 

Leviev, I., Kalix, B., Brulhart Meynet, M.-C. and James, R. W. (2001). The paraoxonase PON1 
promoter polymorphism C(−107)T is associated with increased serum glucose 
concentrations in non-diabetic patients. Diabetologia. Vol. 44, pp.1177–1183. 

Lutsey, P.L., Steffen, L.M., Feldman, H.A., Hoelscher, D.H., Webber, L.S., Luepker, R.V. 
(2006). Serum homocysteine is related to food intake in adolescents: the Child and 
Adolescent Trial for Cardiovascular Health. Am J Clin Nutr. Vol.83, pp.1380-6. 

Mackness, B., Durrington, P. N., Boulton, A. J., Hine, D. and Mackness, M. I. (2002). Serum 
paraoxonase activity in patients with type 1 diabetes compared to healthy controls. 
Eur. J. Clin. Invest. Vol.32, pp. 259–256. 

Mackness, B., Mackness, M. I., Arrol, S. et al. (1998) Serum paraoxonase (PON1) 55 and 192 
polymorphism and paraoxonase activity and concentration in non-insulin 
dependent diabetes mellitus. Atherosclerosis. Vol.139, pp. 341–349.  

Majors, A., Ehrhart, L.A., Pezacka, E.H. (1997). Homocysteine as a risk factor for vascular 
disease, enhanced collagen production and accumulation by smooth muscle cells. 
Arterioscler Thromb Vasc Biol. Vol.17, pp.2074–81.  

Mansoor, M.A., Bergmark, C., Haswell, S.J., Savage, I.F., Evans, P.H., Berge, R.K. (2000). 
Correlation between plasma total homocysteine and copper in patients with 
peripheral vascular disease. Clin Chem. Vol.46, pp.385-91. 

Mansoor, M.A., Ueland, P.M., Aarsland, A., Svardal, A.M. (1993). Redox status and protein 
binding of plasma  homocysteine and other aminothiols in patients with 
homocystinuria. Metabolism. Vol. 42, pp.1481-5. 

Matteucci, E., Rossi, L., Mariani, S., Fagnani, F., Quilici, V., Cinapri, V. (2002). Blood levels of 
total homocysteine in patients with type 1 diabetes (with no complications, diabetic 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

192 

nephropathy and/or retinopathy) and in their non-diabetic relatives. Nutr Metab 
Cardiovasc Dis. Vol.12, pp. 184-9. 

Mooradian, A.D. (1991). Increased serum conjugated dienes in elderly diabetic patients. J 
Am Geriatr Soc. Vol. 39, pp.571–5. 

Naruszewicz, M., Mirkiewicz, E., Olszewski, A.J. and McCully, K.S. (1994). Nutr. Metab. 
Cardiovasc. Dis. Vol.4,  pp.70–77. 

Nishinaga, M., Ozawa, T. and Shimada, K. (1993). Homocysteine, a thrombogenic agent, 
suppresses anticoagulant heparan sulfate expression in cultured porcine aortic 
endothelial cells.  J. Clin. Invest. vol.92, pp.1381–1386. 

Nishio, E., Watanabe Y. Br. (1997). Oxidized LDL induces apoptosis in cultured smooth 
muscle cells: a possible role for 7-ketocholesterol. J. Pharmacol. Vol.122, pp.269–274. 

Nygård, O., Refsum, H., Ueland, P.M., Vollset, S.E. (1998). Major lifestyle determinants of 
plasma total homocysteine distribution: the Hordaland Homocysteine Study. Am J 
Clin Nutr. Vol.67, pp.263-70. 

Parthasarathy. S., Santanam, N., Auge, N.  (1998). Oxidised low-density lipoprotein: a two-
faced Janus in coronary artery disease? Biochem pharmacol. Vol.56, pp.279–284. 

Passaro, A., D’Ellia, K., Pareschi, P.L., Calzoni, F., Carantoni, M., Fellin, R. (2000). Factors 
influencing plasma homocysteine levels in type 2 diabetes. Diabetes Care. Vol.23, 
pp.420-1. 

Pavia ,C., Ferrer, I., Valls, C., Artuch, R., Colome, C., Vilaseca, M.A. (2000). Total 
homocysteine in patients with type 1 diabetes. Diabetes Care. Vol.23, pp.84-7. 

Perna, A.F., Ingrosso, D., Lombardi, C., Acanfora, F., Satta, E., Cesare, C.M. (2003). Possible 
mechanisms of homocysteine toxicity. Kidney Int Suppl. Vol.84, pp.137-40. 

Price, J.F., Fowkes, F.G.R. (1997). Antioxidant vitamins in the prevention of cardiovascular 
disease.  Eur Heart J. vol.18, pp.719-27.  

Ratnoff, O.D. (1968). Activation of Hageman factor by L-homocystine.  Science. Vol.162, 
pp.1007–1009. 

Refsum, H., Nurk, E., Smith, A.D., Ueland, P.M., Gjesdal, C,G., Bjelland, I., Tverdal, A., Tell, 
G.S., Nygard, O., Vollset, S.E. (2006).The Hordaland Homocysteine Study: a 
community-based study of homocysteine, its determinants, and associations with 
disease. J Nutr. Vol.136, pp. 1731–1740.  

Rocchi, E., Bursi, F., Ventura, P., Ronzoni, A., Gozzi, C., Casalgrandi,  G. (2007). Anti- and 
pro-oxidant factors and endothelial dysfunction in chronic cigarette smokers with 
coronary heart disease. Eur J Intern Med. Vol.18, pp.314-20. 

Salardi, S., Cacciari, E., Sassi, S., Grossi, G., Mainetti, B., Dalla Casa, C. (2000). 
Homocysteinemia, serum folate and vitaminB12 in very young patients with 
diabetes mellitus type 1. J Pediatr Endocrinol Metab. Vol.13, pp.1621-7. 

Shih, D.M., Gu, L., Xia, Y.R., Navab, M., Li, W.F., Hama, S. (1998). Mice lacking serum 
paraoxonase are susceptible to organophosphate toxicity and atherosclerosis. 
Nature. Vol.394, pp.284-7. 

Smaoui, M., Koubaa, N., Hammami, S., Abid, N., Feki, M., Chaaba, R., Attia, N., Abid, M., 
Hammami, M. (2006). Association between dietary fat and antioxidant status of 
Tunisian type 2 diabetic patients. Prostaglandins,Leukot Essent Fat Acids. Vol.74, 
pp.323–9. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

193 

Sniderman, A.D., Pedersen, T., Kjekshus, J. (1997).  Putting low-density lipoproteins at 
center stage in atherogenesis. Am J Cardiol. Vol.79, n.(1), pp.64-67. 

Stampfer, M.J., Malinow, M.R., Willett, W.C., Newcomer, L.M., Upson, B., Ullmann, D., 
Tishler, P.V, Hennekens, C.H. (1992). A prospective study of plasma 
homocyst(e)ine and risk of myocardial infarction in US physicians. J. Am.Med. 
Assoc. vol. 268 pp. 877–881. 

Steinberg, D., Witztum, J.L.  (2002). Is the oxidative modifications hypothesis relevant to 
human atherosclerosis? Do the antioxidant trials conducted to date reflect the 
hypothesis?. Circulation. Vol.105, pp.2107–2111. 

Sutherland, W. H., Walker, R. J., de Jong, S. A., van Rij, A. M., Phillips, V. and Walker, H. L. 
(1999). Reduced postprandial serum paraoxonase activity after a meal rich in used 
cooking fat. Arterioscler., Thromb., Vasc. Biol. Vol.19, pp.1340–1347. 

Tomas, M., Senti, M., Eluosa, R. (2001). Interaction between the Gln-Arg 192 variants of the 
paraoxonase gene and oleic acid intake as a determinant of high density lipoprotein 
cholesterol and paraoxonase activity. Eur. J. Pharmacol. Vol.432,  pp.121–128. 

Toshima, S., Hasegawa, A., Kurabayashi, M. (2000). Circulating oxidized low density 
lipoprotein levels: a biochemical risk marker for coronary heart disease. Arterioscler 
Thromb Vasc Biol. Vol.20, pp.2243–7. 

Tsai, J.C., Perrella, M.A., Yoshizumi, M., Hsieh, C.M., Haber, E., Schlegel, R., Lee, M.E. 
(1994). Promotion of vascular smooth muscle cell growth by homocysteine: a link to 
atherosclerosis. Proc. Natl. Acad. Sci. U.S.A. vol.91, pp.6369–6373. 

Tsai, M., Garg, U., Key, N.S. (1996). Molecular and biochemical approaches in the 
identification of heterozygotes for homocystinuria. Atherosclerosis. Vol.172, pp.69–
77. 

Upchurch, Jr, G.R., Welch, G.N., Fabian, A.J., Freedman, J.E., Johnson, J.L., Keaney, Jr, J.F. 
and Loscalzo, J. (1997). Homocyst(e)ine decreases bioavailable nitric oxide by a 
mechanism involving glutathione peroxidase. J. Biol. Chem. Vol.272, pp.17012–
17017. 

Vadachkoria, S., Sanchez, S.E., Qiu, C., Muy-Rivera, M., Malinow, M.R., Williams, M.A. 
(2004). Hyperhomocyst(e)inemia and elevated soluble vascular cell adhesion 
molecule-1 concentrations are associated with an increased risk of preeclampsia. 
Gynecol Obstet Invest. Vol.58, pp.133-9. 

Velazquez, E., Winocour, P.H., Kesteven, P., Alberti, K.G., Laker, M.F. (1991). Relation of 
lipid peroxides to macrovascular disease in type 2 diabetes. Diabet Med.  Vol.88, 
pp.752–8. 

Wald D.S., Law M, Morris JK. (2004). The dose-response relation between serum 
homocysteine and cardiovascular disease: implications for treatment and screening. 
Eur J Cardiovasc Prev Rehabil. Vol.11, pp.250-3. 

Wald D.S., Law, M., Morris, J.K. (2002). Homocysteine and cardiovascular disease: evidence 
on causality from a meta-analysis. BMJ. Vol.325, pp.1202. 

Wald, D.S., Law, M., Morris, J.K. (2002). Homocysteine and cardiovascular disease: evidence 
on causality from a meta-analysis. BMJ. Vol. 325, pp.1202. 

Wallace, A. J., Sutherland, W. H., Mann, J. I. and Williams, S. M. (2001). The effect of meals 
rich in thermally stressed olive and safflower oils on postprandial serum 
paraoxonase activity in patients with diabetes.Eur. J. Clin. Nutr. Vol.55, pp.951–958. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

192 

nephropathy and/or retinopathy) and in their non-diabetic relatives. Nutr Metab 
Cardiovasc Dis. Vol.12, pp. 184-9. 

Mooradian, A.D. (1991). Increased serum conjugated dienes in elderly diabetic patients. J 
Am Geriatr Soc. Vol. 39, pp.571–5. 

Naruszewicz, M., Mirkiewicz, E., Olszewski, A.J. and McCully, K.S. (1994). Nutr. Metab. 
Cardiovasc. Dis. Vol.4,  pp.70–77. 

Nishinaga, M., Ozawa, T. and Shimada, K. (1993). Homocysteine, a thrombogenic agent, 
suppresses anticoagulant heparan sulfate expression in cultured porcine aortic 
endothelial cells.  J. Clin. Invest. vol.92, pp.1381–1386. 

Nishio, E., Watanabe Y. Br. (1997). Oxidized LDL induces apoptosis in cultured smooth 
muscle cells: a possible role for 7-ketocholesterol. J. Pharmacol. Vol.122, pp.269–274. 

Nygård, O., Refsum, H., Ueland, P.M., Vollset, S.E. (1998). Major lifestyle determinants of 
plasma total homocysteine distribution: the Hordaland Homocysteine Study. Am J 
Clin Nutr. Vol.67, pp.263-70. 

Parthasarathy. S., Santanam, N., Auge, N.  (1998). Oxidised low-density lipoprotein: a two-
faced Janus in coronary artery disease? Biochem pharmacol. Vol.56, pp.279–284. 

Passaro, A., D’Ellia, K., Pareschi, P.L., Calzoni, F., Carantoni, M., Fellin, R. (2000). Factors 
influencing plasma homocysteine levels in type 2 diabetes. Diabetes Care. Vol.23, 
pp.420-1. 

Pavia ,C., Ferrer, I., Valls, C., Artuch, R., Colome, C., Vilaseca, M.A. (2000). Total 
homocysteine in patients with type 1 diabetes. Diabetes Care. Vol.23, pp.84-7. 

Perna, A.F., Ingrosso, D., Lombardi, C., Acanfora, F., Satta, E., Cesare, C.M. (2003). Possible 
mechanisms of homocysteine toxicity. Kidney Int Suppl. Vol.84, pp.137-40. 

Price, J.F., Fowkes, F.G.R. (1997). Antioxidant vitamins in the prevention of cardiovascular 
disease.  Eur Heart J. vol.18, pp.719-27.  

Ratnoff, O.D. (1968). Activation of Hageman factor by L-homocystine.  Science. Vol.162, 
pp.1007–1009. 

Refsum, H., Nurk, E., Smith, A.D., Ueland, P.M., Gjesdal, C,G., Bjelland, I., Tverdal, A., Tell, 
G.S., Nygard, O., Vollset, S.E. (2006).The Hordaland Homocysteine Study: a 
community-based study of homocysteine, its determinants, and associations with 
disease. J Nutr. Vol.136, pp. 1731–1740.  

Rocchi, E., Bursi, F., Ventura, P., Ronzoni, A., Gozzi, C., Casalgrandi,  G. (2007). Anti- and 
pro-oxidant factors and endothelial dysfunction in chronic cigarette smokers with 
coronary heart disease. Eur J Intern Med. Vol.18, pp.314-20. 

Salardi, S., Cacciari, E., Sassi, S., Grossi, G., Mainetti, B., Dalla Casa, C. (2000). 
Homocysteinemia, serum folate and vitaminB12 in very young patients with 
diabetes mellitus type 1. J Pediatr Endocrinol Metab. Vol.13, pp.1621-7. 

Shih, D.M., Gu, L., Xia, Y.R., Navab, M., Li, W.F., Hama, S. (1998). Mice lacking serum 
paraoxonase are susceptible to organophosphate toxicity and atherosclerosis. 
Nature. Vol.394, pp.284-7. 

Smaoui, M., Koubaa, N., Hammami, S., Abid, N., Feki, M., Chaaba, R., Attia, N., Abid, M., 
Hammami, M. (2006). Association between dietary fat and antioxidant status of 
Tunisian type 2 diabetic patients. Prostaglandins,Leukot Essent Fat Acids. Vol.74, 
pp.323–9. 

Interactions Between Total Plasma Homocysteine, Oxidized  
LDL Levels, Thiolactonase Activities and Dietary Habits in Tunisian Diabetic Patients 

 

193 

Sniderman, A.D., Pedersen, T., Kjekshus, J. (1997).  Putting low-density lipoproteins at 
center stage in atherogenesis. Am J Cardiol. Vol.79, n.(1), pp.64-67. 

Stampfer, M.J., Malinow, M.R., Willett, W.C., Newcomer, L.M., Upson, B., Ullmann, D., 
Tishler, P.V, Hennekens, C.H. (1992). A prospective study of plasma 
homocyst(e)ine and risk of myocardial infarction in US physicians. J. Am.Med. 
Assoc. vol. 268 pp. 877–881. 

Steinberg, D., Witztum, J.L.  (2002). Is the oxidative modifications hypothesis relevant to 
human atherosclerosis? Do the antioxidant trials conducted to date reflect the 
hypothesis?. Circulation. Vol.105, pp.2107–2111. 

Sutherland, W. H., Walker, R. J., de Jong, S. A., van Rij, A. M., Phillips, V. and Walker, H. L. 
(1999). Reduced postprandial serum paraoxonase activity after a meal rich in used 
cooking fat. Arterioscler., Thromb., Vasc. Biol. Vol.19, pp.1340–1347. 

Tomas, M., Senti, M., Eluosa, R. (2001). Interaction between the Gln-Arg 192 variants of the 
paraoxonase gene and oleic acid intake as a determinant of high density lipoprotein 
cholesterol and paraoxonase activity. Eur. J. Pharmacol. Vol.432,  pp.121–128. 

Toshima, S., Hasegawa, A., Kurabayashi, M. (2000). Circulating oxidized low density 
lipoprotein levels: a biochemical risk marker for coronary heart disease. Arterioscler 
Thromb Vasc Biol. Vol.20, pp.2243–7. 

Tsai, J.C., Perrella, M.A., Yoshizumi, M., Hsieh, C.M., Haber, E., Schlegel, R., Lee, M.E. 
(1994). Promotion of vascular smooth muscle cell growth by homocysteine: a link to 
atherosclerosis. Proc. Natl. Acad. Sci. U.S.A. vol.91, pp.6369–6373. 

Tsai, M., Garg, U., Key, N.S. (1996). Molecular and biochemical approaches in the 
identification of heterozygotes for homocystinuria. Atherosclerosis. Vol.172, pp.69–
77. 

Upchurch, Jr, G.R., Welch, G.N., Fabian, A.J., Freedman, J.E., Johnson, J.L., Keaney, Jr, J.F. 
and Loscalzo, J. (1997). Homocyst(e)ine decreases bioavailable nitric oxide by a 
mechanism involving glutathione peroxidase. J. Biol. Chem. Vol.272, pp.17012–
17017. 

Vadachkoria, S., Sanchez, S.E., Qiu, C., Muy-Rivera, M., Malinow, M.R., Williams, M.A. 
(2004). Hyperhomocyst(e)inemia and elevated soluble vascular cell adhesion 
molecule-1 concentrations are associated with an increased risk of preeclampsia. 
Gynecol Obstet Invest. Vol.58, pp.133-9. 

Velazquez, E., Winocour, P.H., Kesteven, P., Alberti, K.G., Laker, M.F. (1991). Relation of 
lipid peroxides to macrovascular disease in type 2 diabetes. Diabet Med.  Vol.88, 
pp.752–8. 

Wald D.S., Law M, Morris JK. (2004). The dose-response relation between serum 
homocysteine and cardiovascular disease: implications for treatment and screening. 
Eur J Cardiovasc Prev Rehabil. Vol.11, pp.250-3. 

Wald D.S., Law, M., Morris, J.K. (2002). Homocysteine and cardiovascular disease: evidence 
on causality from a meta-analysis. BMJ. Vol.325, pp.1202. 

Wald, D.S., Law, M., Morris, J.K. (2002). Homocysteine and cardiovascular disease: evidence 
on causality from a meta-analysis. BMJ. Vol. 325, pp.1202. 

Wallace, A. J., Sutherland, W. H., Mann, J. I. and Williams, S. M. (2001). The effect of meals 
rich in thermally stressed olive and safflower oils on postprandial serum 
paraoxonase activity in patients with diabetes.Eur. J. Clin. Nutr. Vol.55, pp.951–958. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

194 

Welch, G.N. Loscalzo, J. (1998). Homocysteine and atherothrombosis. N. Engl. J. Med. 
Vol.338, pp.1042–1050.  

Wollesen, F., Brattsrom, L., Refsum, H., Ueland, P.M., Berglund, L., Berne, C. (1999). Plasma 
total homocysteine and cysteine in relation to glomerular filtration rate in diabetes 
mellitus. Kidney Int. vol.55, pp.1028-35. 

Yeromenko, Y., Lavie, L., Levy, Y. (2000). Homocysteine and cardiovascular risk in patients 
with diabetes mellitus. Nutr Metab Cardiovasc Dis. Vol.11, pp.108-16. 

Part 3 

Consequences of Obesity 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

194 

Welch, G.N. Loscalzo, J. (1998). Homocysteine and atherothrombosis. N. Engl. J. Med. 
Vol.338, pp.1042–1050.  

Wollesen, F., Brattsrom, L., Refsum, H., Ueland, P.M., Berglund, L., Berne, C. (1999). Plasma 
total homocysteine and cysteine in relation to glomerular filtration rate in diabetes 
mellitus. Kidney Int. vol.55, pp.1028-35. 

Yeromenko, Y., Lavie, L., Levy, Y. (2000). Homocysteine and cardiovascular risk in patients 
with diabetes mellitus. Nutr Metab Cardiovasc Dis. Vol.11, pp.108-16. 

Part 3 

Consequences of Obesity 



 10 

Obesity-Induced Adipose Tissue Inflammation 
and Insulin Resistance 

Po-Shiuan Hsieh  
National Defense Medical Center/ Graduate Institute of Physiology Taipei,  

Taiwan 

1. Introduction  
Obesity-induced chronic systemic inflammation has been considered as a major risk factor 
for the development of type 2 diabetes mellitus (T2DM). In addition, the development of 
inflammation in adipose tissue has been speculated to be the main resource to initialize 
systemic inflammation and insulin resistance in the state of obesity. However, the molecular 
mechanisms underlying the development of adipose tissue inflammation are not yet 
completely characterized, which will be of clinical importance to clarify the potential drug 
targets for the prevention and treatment of obesity-associated T2DM. Thereby, the aim of 
this chapter will focus on reviewing the recent progress and prospective related to the 
understanding of obesity-induced adipose tissue inflammation and insulin resistance. The 
content of this chapter will highlight the possible contributing factors and interplay during 
the different developmental stages of obesity and associated insulin resistance. Accordingly, 
the possible roles of adipocytes, T cells, macrophages and endothelial cells in the initiation, 
propagation and exacerbation of adipose tissue inflammation will be further discussed. The 
cross-talk between cell types in the pathogenesis of inflamed adipose tissue and adipokine 
overproduction will also be extensively debated. Moreover, the important molecular 
mediators and/or chemokine and cytokine receptors in the development of obesity-induced 
adipose tissue inflammation and associated insulin resistance would also be added in the 
text. Finally, based on the recent advances in the relevant research field, the therapeutic 
strategies in the treatment of obesity-associated insulin resistance and T2DM will be 
discussed in this chapter.  

2. Obesity, adipose tissue inflammation and insulin resistance 
Obesity has reached epidemic proportions in most of the industrialized countries, resulting 
in an increasing prevalence of the metabolic syndrome characterized by visceral obesity, 
dyslipidemia, and insulin resistance. Obese adipocytes characterize as the important source 
of inflammation mediators by producing a large number of inflammatory cytokines and 
chemokines, such as TNF-alpha, IL-6, monocyte chemoattractant protein-1 (MCP-1), and 
dysregulated production of anti-inflammatory adipokines (e.g. adiponectin). Indeed, 
obesity-induced adipose tissue inflammation is the key process underlying activation of 
proinflammatory pathways known to interfere insulin signalling and induce insulin 
resistance. On the other hand, activation of inflammatory pathways in adipocytes impairs 
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1. Introduction  
Obesity-induced chronic systemic inflammation has been considered as a major risk factor 
for the development of type 2 diabetes mellitus (T2DM). In addition, the development of 
inflammation in adipose tissue has been speculated to be the main resource to initialize 
systemic inflammation and insulin resistance in the state of obesity. However, the molecular 
mechanisms underlying the development of adipose tissue inflammation are not yet 
completely characterized, which will be of clinical importance to clarify the potential drug 
targets for the prevention and treatment of obesity-associated T2DM. Thereby, the aim of 
this chapter will focus on reviewing the recent progress and prospective related to the 
understanding of obesity-induced adipose tissue inflammation and insulin resistance. The 
content of this chapter will highlight the possible contributing factors and interplay during 
the different developmental stages of obesity and associated insulin resistance. Accordingly, 
the possible roles of adipocytes, T cells, macrophages and endothelial cells in the initiation, 
propagation and exacerbation of adipose tissue inflammation will be further discussed. The 
cross-talk between cell types in the pathogenesis of inflamed adipose tissue and adipokine 
overproduction will also be extensively debated. Moreover, the important molecular 
mediators and/or chemokine and cytokine receptors in the development of obesity-induced 
adipose tissue inflammation and associated insulin resistance would also be added in the 
text. Finally, based on the recent advances in the relevant research field, the therapeutic 
strategies in the treatment of obesity-associated insulin resistance and T2DM will be 
discussed in this chapter.  

2. Obesity, adipose tissue inflammation and insulin resistance 
Obesity has reached epidemic proportions in most of the industrialized countries, resulting 
in an increasing prevalence of the metabolic syndrome characterized by visceral obesity, 
dyslipidemia, and insulin resistance. Obese adipocytes characterize as the important source 
of inflammation mediators by producing a large number of inflammatory cytokines and 
chemokines, such as TNF-alpha, IL-6, monocyte chemoattractant protein-1 (MCP-1), and 
dysregulated production of anti-inflammatory adipokines (e.g. adiponectin). Indeed, 
obesity-induced adipose tissue inflammation is the key process underlying activation of 
proinflammatory pathways known to interfere insulin signalling and induce insulin 
resistance. On the other hand, activation of inflammatory pathways in adipocytes impairs 
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triglyceride storage and increases release of free fatty acids (FFAs), an excess of which 
known to induce insulin resistance in muscle and liver (Guilherme & Virbasius, 2008).  In 
addition, it has been demonstrated that increased expression of MCP-1 in adipose tissue 
associated with obesity plays an important role in the pathogenesis of adipose macrophage 
infiltration and insulin resistance (Kanda, 2006). The infiltrated macrophages secrete a 
variety of chemokines and other cytokines that further promote a local inflammatory 
response resulting in subsequent systemic insulin resistance.  

3. Immune system and obesity-induced adipose tissue inflammation 
3.1 Innate immune system and the development of inflammation in adipose tissue 
Macrophages are the fundamental part of the immediate innate defense mechanisms, 
which can promote specific adaptive immunity by inducing T-cell recruitment and 
activation while the body is disturbed. Macrophages have attracted considerable recent 
attention in adipose tissue biology following the discovery that they infiltrate the tissue in 
obesity and appear to play a substantial role in the inflammatory process (Haiyan, 2003; 
Weisberg, 2003). The majority of macrophages in obese adipose tissue aggregate in 
“crown- like structure” completely surrounding dead (necrotic-like) adipocytes and 
scavenging adipocyte debris (Cinti et al. 2005). The number of macrophages positively 
correlates with body mass and adipocyte size in both subcutaneous and visceral fat 
depots, even though macrophage infiltration is more prominent in the latter. 
Accumulated macrophages are considered to be the critical link between obesity and 
adipose tissue inflammation since they are the major source of pro- inflammatory 
cytokine production, notably TNF-alpha and IL-6, in adipose tissue (Cancello, 2005; 
Haiyan, 2003). Interestingly, the process appears reversible since macrophage infiltration 
and pro-inflammatory marker expression in the adipose tissue of obese subjects can be 
significantly reduced after weight loss (Brun, 2006; Cancello, 2005). Similarly to any 
immune and inflammatory responses, macrophage infiltration in expanding adipose 
tissue results from blood monocytes influx, likely attracted by the chemokine MCP-1 
(Kanda, 2006). Indeed, it has been reported that MCP-1 secretion is markedly enhanced 
locally and in plasma in obese rodents and human patients. Mice with targeted deletion in 
the genes for monocyte MCP-1 and its receptor CCR2 both could attenuate adipose tissue 
macrophages (ATMs) infiltration and decrease inflammation in fat. It would subsequently 
protect these mice from high fat diet-induced insulin resistance (Kanda, 2006; Weisberg, 
2006). Conversely, MCP-1 overexpressed mice have increased numbers of ATMs along 
with insulin resistance (Kamei et al., 2006). Moreover, some mechanistic insights to 
explain how macrophages are associated with inflammation in obesity, have emerged 
from the characterization of ATM activation state. Macrophage population and function 
have been revealed to be highly heterogeneous and dependent on the surrounding 
environment, which has led to their characterization and classification following the well-
known classification of T-cell activation state into Th1/Th2 sub-types (Gordon, 2007). 
Typically, macrophages can be distinguished between the M1 phenotype, identified as the 
pro- inflammatory or “classifically”- activated state, secreting various cytokines (e.g. TNF-
alpha, IL-6), and the M2 phenotype referred as to the anti- inflammatory or 
“alternatively”- activated state, which produces IL-10. Following a pulse dye labelling of 
ATMs to discriminate newly infiltrated ATMs from the resident ATMs, it has been shown 
that recruited ATMs during a diet- induced obesity exhibit an inflammatory M1 profile 
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compared to already settled ATMs (Lumeng et al., 2007). Moreover, the same research 
group has also demonstrated that ATMs from lean mice retain the typical gene expression 
pattern of the M2 activation state, while ATMs from obese mice are characterized by 
enhanced expression levels of TNF-alpha and NOS2, both markers of the M1 activated 
state. This study supports that diet-induced obesity either converts or promotes the 
replacement of initial M2- polarized ATMs by M1- polarized ATMs, thereby contributing 
to the development of insulin resistance (Lumeng, 2007). In conclusion, ATMs are the 
major source of pro- inflammatory mediators in obese adipose tissue and contribute both 
to the local and systemic metabolic alterations and the general inflammatory state. Their 
number and activation states are likely crucial in the onset of obesity-associated adipose 
tissue inflammation and in the development of insulin resistance. 

3.2 Adaptive immune system and the development of inflammation in adipose tissue 
Macrophages infiltrating into adipose tissue during obesity could be largely extended by 
providing convincing evidence for an early participation of various cells from the adaptive 
immune system in the development of obesity (Kintscher, 2008; Rocha, 2008; Wu, 2007). For 
instance, T cells are also actively regulated in adipose tissue and contribute to obesity- 
induced inflammation. Previous studies have shown that specific rearrangements in the T 
cell receptor (TCR) are selected in adipose tissue, suggesting that antigens in fat may 
communicate with adaptive immune system (Nishimura et al., 2009). Several studies have 
pointed out that dietary (Rocha, 2008; Wu, 2007) or genetic obesity (Rausch et al., 2007) is 
associated with T- cell infiltration including both CD4+ and CD8+ T cells. The assessment of 
immune cell composition at early stage of high fat diet-induced obesity suggests that T-cell 
entry in adipose tissue precedes monocyte attraction and, therefore, might represent one of 
the processes initiating adipose tissue inflammation (Kintscher et al., 2008). Indeed, both the 
secretion of the chemokine C-C motif chemokine ligand (CCL) 5/ Regulated on Activation, 
Normal T Cell Expressed and Secreted (RANTES) and the expression level of its receptor 
CCR5 are enhanced in adipose tissue of obese male mice (Wu et al., 2007). Moreover, 
RANTES neutralization reduces T- cell migration in vitro. RANTES expression is not only 
restricted to T- cells but is also detected in mature adipocytes, more prominently in presence 
of TNF- alpha (Wu et al., 2007). CD4+ T cells in adipose tissue can be classified into pro-
inflammatory Th1 polarized T cells secreting IFN- gamma and anti- inflammatory Th2 
polarized T cells secreting IL-4 and IL-13. In lean mice, Th1 and Th2 polarized T cells are 
higher in visceral than in subcutaneous adipose tissue with both T- cell type being present at 
approximately equal amounts (Winer et al., 2009). In addition, the role of the Th1- type 
cytokine IFN- gamma in adipose tissue inflammation has been explored (Rocha et al., 2008). 
IFN- gamma mRNA expression was up-regulated in mouse adipose tissue after high fat diet 
feeding. 3T3-L1 adipocytes incubated with IFN- gamma exhibited a marked enhancement of 
the expression levels of various cytokines and chemokines. Moreover, IFN- gamma 
deficiency partly prevented the diet-induced increases of both ATM number and pro- 
inflammatory marker expression (TNF- alpha and MCP-1) in adipose tissue. On the other 
hand, several studies have also observed an increase in adipose tissue CD8+ T cells in the 
course of obesity (Nishimura, 2009; Winer, 2009). The infiltration of CD8+ T cells precedes 
the recruitment of macrophages in the development of adipose tissue inflammation 
(Nishimura et al., 2009). Depletion of CD8+ T cells before inducing obesity in mice prevents 
M1 macrophage infiltration into adipose tissue without changing adiposity or the number of 
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triglyceride storage and increases release of free fatty acids (FFAs), an excess of which 
known to induce insulin resistance in muscle and liver (Guilherme & Virbasius, 2008).  In 
addition, it has been demonstrated that increased expression of MCP-1 in adipose tissue 
associated with obesity plays an important role in the pathogenesis of adipose macrophage 
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variety of chemokines and other cytokines that further promote a local inflammatory 
response resulting in subsequent systemic insulin resistance.  

3. Immune system and obesity-induced adipose tissue inflammation 
3.1 Innate immune system and the development of inflammation in adipose tissue 
Macrophages are the fundamental part of the immediate innate defense mechanisms, 
which can promote specific adaptive immunity by inducing T-cell recruitment and 
activation while the body is disturbed. Macrophages have attracted considerable recent 
attention in adipose tissue biology following the discovery that they infiltrate the tissue in 
obesity and appear to play a substantial role in the inflammatory process (Haiyan, 2003; 
Weisberg, 2003). The majority of macrophages in obese adipose tissue aggregate in 
“crown- like structure” completely surrounding dead (necrotic-like) adipocytes and 
scavenging adipocyte debris (Cinti et al. 2005). The number of macrophages positively 
correlates with body mass and adipocyte size in both subcutaneous and visceral fat 
depots, even though macrophage infiltration is more prominent in the latter. 
Accumulated macrophages are considered to be the critical link between obesity and 
adipose tissue inflammation since they are the major source of pro- inflammatory 
cytokine production, notably TNF-alpha and IL-6, in adipose tissue (Cancello, 2005; 
Haiyan, 2003). Interestingly, the process appears reversible since macrophage infiltration 
and pro-inflammatory marker expression in the adipose tissue of obese subjects can be 
significantly reduced after weight loss (Brun, 2006; Cancello, 2005). Similarly to any 
immune and inflammatory responses, macrophage infiltration in expanding adipose 
tissue results from blood monocytes influx, likely attracted by the chemokine MCP-1 
(Kanda, 2006). Indeed, it has been reported that MCP-1 secretion is markedly enhanced 
locally and in plasma in obese rodents and human patients. Mice with targeted deletion in 
the genes for monocyte MCP-1 and its receptor CCR2 both could attenuate adipose tissue 
macrophages (ATMs) infiltration and decrease inflammation in fat. It would subsequently 
protect these mice from high fat diet-induced insulin resistance (Kanda, 2006; Weisberg, 
2006). Conversely, MCP-1 overexpressed mice have increased numbers of ATMs along 
with insulin resistance (Kamei et al., 2006). Moreover, some mechanistic insights to 
explain how macrophages are associated with inflammation in obesity, have emerged 
from the characterization of ATM activation state. Macrophage population and function 
have been revealed to be highly heterogeneous and dependent on the surrounding 
environment, which has led to their characterization and classification following the well-
known classification of T-cell activation state into Th1/Th2 sub-types (Gordon, 2007). 
Typically, macrophages can be distinguished between the M1 phenotype, identified as the 
pro- inflammatory or “classifically”- activated state, secreting various cytokines (e.g. TNF-
alpha, IL-6), and the M2 phenotype referred as to the anti- inflammatory or 
“alternatively”- activated state, which produces IL-10. Following a pulse dye labelling of 
ATMs to discriminate newly infiltrated ATMs from the resident ATMs, it has been shown 
that recruited ATMs during a diet- induced obesity exhibit an inflammatory M1 profile 
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compared to already settled ATMs (Lumeng et al., 2007). Moreover, the same research 
group has also demonstrated that ATMs from lean mice retain the typical gene expression 
pattern of the M2 activation state, while ATMs from obese mice are characterized by 
enhanced expression levels of TNF-alpha and NOS2, both markers of the M1 activated 
state. This study supports that diet-induced obesity either converts or promotes the 
replacement of initial M2- polarized ATMs by M1- polarized ATMs, thereby contributing 
to the development of insulin resistance (Lumeng, 2007). In conclusion, ATMs are the 
major source of pro- inflammatory mediators in obese adipose tissue and contribute both 
to the local and systemic metabolic alterations and the general inflammatory state. Their 
number and activation states are likely crucial in the onset of obesity-associated adipose 
tissue inflammation and in the development of insulin resistance. 

3.2 Adaptive immune system and the development of inflammation in adipose tissue 
Macrophages infiltrating into adipose tissue during obesity could be largely extended by 
providing convincing evidence for an early participation of various cells from the adaptive 
immune system in the development of obesity (Kintscher, 2008; Rocha, 2008; Wu, 2007). For 
instance, T cells are also actively regulated in adipose tissue and contribute to obesity- 
induced inflammation. Previous studies have shown that specific rearrangements in the T 
cell receptor (TCR) are selected in adipose tissue, suggesting that antigens in fat may 
communicate with adaptive immune system (Nishimura et al., 2009). Several studies have 
pointed out that dietary (Rocha, 2008; Wu, 2007) or genetic obesity (Rausch et al., 2007) is 
associated with T- cell infiltration including both CD4+ and CD8+ T cells. The assessment of 
immune cell composition at early stage of high fat diet-induced obesity suggests that T-cell 
entry in adipose tissue precedes monocyte attraction and, therefore, might represent one of 
the processes initiating adipose tissue inflammation (Kintscher et al., 2008). Indeed, both the 
secretion of the chemokine C-C motif chemokine ligand (CCL) 5/ Regulated on Activation, 
Normal T Cell Expressed and Secreted (RANTES) and the expression level of its receptor 
CCR5 are enhanced in adipose tissue of obese male mice (Wu et al., 2007). Moreover, 
RANTES neutralization reduces T- cell migration in vitro. RANTES expression is not only 
restricted to T- cells but is also detected in mature adipocytes, more prominently in presence 
of TNF- alpha (Wu et al., 2007). CD4+ T cells in adipose tissue can be classified into pro-
inflammatory Th1 polarized T cells secreting IFN- gamma and anti- inflammatory Th2 
polarized T cells secreting IL-4 and IL-13. In lean mice, Th1 and Th2 polarized T cells are 
higher in visceral than in subcutaneous adipose tissue with both T- cell type being present at 
approximately equal amounts (Winer et al., 2009). In addition, the role of the Th1- type 
cytokine IFN- gamma in adipose tissue inflammation has been explored (Rocha et al., 2008). 
IFN- gamma mRNA expression was up-regulated in mouse adipose tissue after high fat diet 
feeding. 3T3-L1 adipocytes incubated with IFN- gamma exhibited a marked enhancement of 
the expression levels of various cytokines and chemokines. Moreover, IFN- gamma 
deficiency partly prevented the diet-induced increases of both ATM number and pro- 
inflammatory marker expression (TNF- alpha and MCP-1) in adipose tissue. On the other 
hand, several studies have also observed an increase in adipose tissue CD8+ T cells in the 
course of obesity (Nishimura, 2009; Winer, 2009). The infiltration of CD8+ T cells precedes 
the recruitment of macrophages in the development of adipose tissue inflammation 
(Nishimura et al., 2009). Depletion of CD8+ T cells before inducing obesity in mice prevents 
M1 macrophage infiltration into adipose tissue without changing adiposity or the number of 
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M2 macrophages residing in fat. In obese mice with existing inflammation, an antibody-
mediated reduction of CD8+ T cells improved glucose tolerance and insulin sensitivity 
along with adipose tissue inflammation, providing evidence for a role of these CD8+ T cells 
not only in the initiation but also preservation of inflammation in adipose tissue. 
Furthermore, adoptive transfer of CD8+ T cells to CD8- deficient mice lead to increase 
adipose tissue inflammation. In summary, adipose tissue expansion is associated with 
changes in the number and various phenotype of lymphocytes. A pathological role of Th1 
polarized T cells and CD8+ T cells in adipose could be described in the state of obesity 
correlating with adipose tissue inflammation and subsequent insulin resistance.  

4. Adipokine dysregulation in obesity and insulin resistance 
4.1 Obesity-induced upregulation of potentially deleterious adipokines 
4.1.1 Leptin 
Leptin is almost exclusively expressed and produced by white adipose tissue. Plasma Leptin 
concentration and mRNA expression in adipose tissue are directly related to the severity of 
obesity. An increase of fat mass is associated with the elevation of leptin (Considine et al., 
1996). In animal models, expression of leptin is increased in conditions that are associated 
with release of pro- inflammatory cytokines such as TNF- alpha and IL-6 in monocytes and 
macrophages. Vice versa, TNF- alpha and IL-6 are capable of stimulating adipocyte leptin 
production (Antuna-Puente et al., 2008). Leptin also has significant effect on adaptive 
immunity, such as inducing a switch toward Th1-cell immune responses by increasing IFN- 
gamma, TNF- alpha secretion, and the suppression of Th2- cell responses in adipose tissue 
(Matareseet al., 2002). On the other hand, leptin has also been reported to improve insulin 
sensitivity through activation of AMP-activated protein kinase (AMPK) (Minokoshi et al., 
2002). However, in human obesity, the high circulating leptin levels is exhibited secondary 
to the development of  leptin resistance. Leptin administration has little or no effect on 
insulin resistance. Moreover, the leptin-signaling pathway as shown to, activate suppressor 
of cytokine signaling (SOCS)-3, which might opposite effect to inhibit insulin signaling 
(Howard & Flier, 2006). Taken together, it is suggested that leptin has proinflammatory 
effects and is involved in the pathogenesis of insulin resistance. However, the underlying 
mechanism of leptin in the etiology of obesity- associated adipose tissue inflammation and 
insulin resistance needs to be further elucidated. 

4.1.2 Resistin 
Resistin received its name from the original observation that it induced insulin resistance in 
mice (Steppan et al., 2001). Resistin expression has demonstrated to be increased in obese 
animals and has been implicated in the pathogenesis of obesity- associated insulin resistance 
and type 2 diabetes mellitus in mouse model (Steppan et al., 2001). Accordingly, 
administration of recombinant resistin to normal animal produced insulin resistance, 
whereas neutralizing resistin with specific antibody improved insulin sensitivity in obese 
animals with insulin resistance. This work was the first to illustrate resistin as a link 
between obesity and insulin resistance (Kim et al., 2001). On the other hand, studies indicate 
that stimulation of macrophages in vitro with endotoxin or proinflammatory cytokines leads 
to a marked increase in resistin production. Furthermore, administration of endotoxin to 
human volunteers is associated with an dramatical increase in circulating resistin levels 
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(Lehrke et al., 2004). Previous report regarded to the effects of resistin in the modulation of 
inflammatory responses has shown that resistin could upregulate expression of MCP-1 as 
well as cell adhesion molecule ICAM-1 in endothelial cell (Kawanami et al., 2004). However, 
subsequent human studies failed to link resistin to insulin resistance. In addition, this 
protein is not produced by human adipocytes. Further investigation is needed to 
characterize the role of resistin in the pathogenic link between obesity-induced adipose 
tissue inflammation and insulin resistance in human. 

4.1.3 Visfatin 
Visfatin has recently been identified as an adipokine that is secreted by adipocytes in 
visceral fat, decreases insulin resistance (Fukuhara et al., 2005). In both genetic and 
nutritional obese animal models, visfatin expression is induced predominantly in visceral 
adipose tissue. Similarly to insulin, visfatin could enhance glucose uptake in myocytes and 
adipocytes, and also inhibit hepatocyte glucose production (Fukuhara et al., 2005). Its 
insulin- like effects are also reported that visfatin could induce tyrosine phosphorylation of 
insulin receptors insulin receptor substrate-1 and 2 (IRS-1, IRS-2), and activation of PI3K. 
The pro-inflammatory effect of visfatin has been demonstrated in unstable lesions in 
patients with coronary heart disease. It showed that visfain can increase matrix 
metalloproteinase-9 activity in monocytes, and TNF- alpha and IL-8 in peripheral blood 
mononuclear cells (Dahl et al., 2007). All these studies strongly suggest that visfatin could be 
primarily regarded as an inflammatory mediator involved in several obesity-related 
pathological processes. Nevertheless, the molecule of visfatin has turned out to be 
previously identified as a growth factor for early B-lymphocytes termed pre-B cell colony 
enhancing factor(PBEF) (Samal et al., 1994). The role of visfatin in human T2DM remains 
debated (Chen, 2006; Sandeep, 2007). 

4.1.4 TNF-alpha  
TNF-alpha is a proinflammatory cytokine produced by numerous cells, but mainly by 
macrophages, lymphocytes and monocytes. In addition, adipocytes also produce TNF-alpha 
in humans and rodents. TNF-alpha is the first inflammatory cytokine shown to be produced 
by adipocytes (Hotamisligil et al., 1993). TNF-alpha level is increased in adipose tissue and 
plasma of obese patients and has been related to obesity- associated complications (Kern et 
al., 2001). TNF-alpha has been considered to be crucially involved in the pathophysiology of 
insulin resistance (Hotamisligil et al., 1993). Disruption of IRS-1 phosphorylation by TNFα 
has been reported to one of the possible mechanisms to interfere insulin signaling. 
Moreover, TNF-alpha has been shown to inhibit the conversion of pre-adipocytes to mature 
adipocytes, allowing further recruitment of uncommitted cells and thus possible expansion 
of adipose tissue mass (Kras et al., 2000). Therefore TNF-alpha is considered a likely 
mediator of the insulin resistance and T2DM associated with high visceral adiposity.  

4.1.5 IL-6 
Like TNF-alpha, the levels of IL-6 positively correlates with body mass index, especially in 
the state of obesity (Kern et al., 2001). It has been estimated that white adipose tissue 
contributes about 30% of circulating IL-6. Visceral white adipose tissue (WAT) produces. 
Higher levels of IL-6 compared with those in subcutaneous WAT (Fain, 2004; Fried, 1998). 
Most of the IL-6 comes from the stromal vascular fraction of adipose tissue. There is a 
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M2 macrophages residing in fat. In obese mice with existing inflammation, an antibody-
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along with adipose tissue inflammation, providing evidence for a role of these CD8+ T cells 
not only in the initiation but also preservation of inflammation in adipose tissue. 
Furthermore, adoptive transfer of CD8+ T cells to CD8- deficient mice lead to increase 
adipose tissue inflammation. In summary, adipose tissue expansion is associated with 
changes in the number and various phenotype of lymphocytes. A pathological role of Th1 
polarized T cells and CD8+ T cells in adipose could be described in the state of obesity 
correlating with adipose tissue inflammation and subsequent insulin resistance.  
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concentration and mRNA expression in adipose tissue are directly related to the severity of 
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macrophages. Vice versa, TNF- alpha and IL-6 are capable of stimulating adipocyte leptin 
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immunity, such as inducing a switch toward Th1-cell immune responses by increasing IFN- 
gamma, TNF- alpha secretion, and the suppression of Th2- cell responses in adipose tissue 
(Matareseet al., 2002). On the other hand, leptin has also been reported to improve insulin 
sensitivity through activation of AMP-activated protein kinase (AMPK) (Minokoshi et al., 
2002). However, in human obesity, the high circulating leptin levels is exhibited secondary 
to the development of  leptin resistance. Leptin administration has little or no effect on 
insulin resistance. Moreover, the leptin-signaling pathway as shown to, activate suppressor 
of cytokine signaling (SOCS)-3, which might opposite effect to inhibit insulin signaling 
(Howard & Flier, 2006). Taken together, it is suggested that leptin has proinflammatory 
effects and is involved in the pathogenesis of insulin resistance. However, the underlying 
mechanism of leptin in the etiology of obesity- associated adipose tissue inflammation and 
insulin resistance needs to be further elucidated. 

4.1.2 Resistin 
Resistin received its name from the original observation that it induced insulin resistance in 
mice (Steppan et al., 2001). Resistin expression has demonstrated to be increased in obese 
animals and has been implicated in the pathogenesis of obesity- associated insulin resistance 
and type 2 diabetes mellitus in mouse model (Steppan et al., 2001). Accordingly, 
administration of recombinant resistin to normal animal produced insulin resistance, 
whereas neutralizing resistin with specific antibody improved insulin sensitivity in obese 
animals with insulin resistance. This work was the first to illustrate resistin as a link 
between obesity and insulin resistance (Kim et al., 2001). On the other hand, studies indicate 
that stimulation of macrophages in vitro with endotoxin or proinflammatory cytokines leads 
to a marked increase in resistin production. Furthermore, administration of endotoxin to 
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(Lehrke et al., 2004). Previous report regarded to the effects of resistin in the modulation of 
inflammatory responses has shown that resistin could upregulate expression of MCP-1 as 
well as cell adhesion molecule ICAM-1 in endothelial cell (Kawanami et al., 2004). However, 
subsequent human studies failed to link resistin to insulin resistance. In addition, this 
protein is not produced by human adipocytes. Further investigation is needed to 
characterize the role of resistin in the pathogenic link between obesity-induced adipose 
tissue inflammation and insulin resistance in human. 
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Visfatin has recently been identified as an adipokine that is secreted by adipocytes in 
visceral fat, decreases insulin resistance (Fukuhara et al., 2005). In both genetic and 
nutritional obese animal models, visfatin expression is induced predominantly in visceral 
adipose tissue. Similarly to insulin, visfatin could enhance glucose uptake in myocytes and 
adipocytes, and also inhibit hepatocyte glucose production (Fukuhara et al., 2005). Its 
insulin- like effects are also reported that visfatin could induce tyrosine phosphorylation of 
insulin receptors insulin receptor substrate-1 and 2 (IRS-1, IRS-2), and activation of PI3K. 
The pro-inflammatory effect of visfatin has been demonstrated in unstable lesions in 
patients with coronary heart disease. It showed that visfain can increase matrix 
metalloproteinase-9 activity in monocytes, and TNF- alpha and IL-8 in peripheral blood 
mononuclear cells (Dahl et al., 2007). All these studies strongly suggest that visfatin could be 
primarily regarded as an inflammatory mediator involved in several obesity-related 
pathological processes. Nevertheless, the molecule of visfatin has turned out to be 
previously identified as a growth factor for early B-lymphocytes termed pre-B cell colony 
enhancing factor(PBEF) (Samal et al., 1994). The role of visfatin in human T2DM remains 
debated (Chen, 2006; Sandeep, 2007). 

4.1.4 TNF-alpha  
TNF-alpha is a proinflammatory cytokine produced by numerous cells, but mainly by 
macrophages, lymphocytes and monocytes. In addition, adipocytes also produce TNF-alpha 
in humans and rodents. TNF-alpha is the first inflammatory cytokine shown to be produced 
by adipocytes (Hotamisligil et al., 1993). TNF-alpha level is increased in adipose tissue and 
plasma of obese patients and has been related to obesity- associated complications (Kern et 
al., 2001). TNF-alpha has been considered to be crucially involved in the pathophysiology of 
insulin resistance (Hotamisligil et al., 1993). Disruption of IRS-1 phosphorylation by TNFα 
has been reported to one of the possible mechanisms to interfere insulin signaling. 
Moreover, TNF-alpha has been shown to inhibit the conversion of pre-adipocytes to mature 
adipocytes, allowing further recruitment of uncommitted cells and thus possible expansion 
of adipose tissue mass (Kras et al., 2000). Therefore TNF-alpha is considered a likely 
mediator of the insulin resistance and T2DM associated with high visceral adiposity.  

4.1.5 IL-6 
Like TNF-alpha, the levels of IL-6 positively correlates with body mass index, especially in 
the state of obesity (Kern et al., 2001). It has been estimated that white adipose tissue 
contributes about 30% of circulating IL-6. Visceral white adipose tissue (WAT) produces. 
Higher levels of IL-6 compared with those in subcutaneous WAT (Fain, 2004; Fried, 1998). 
Most of the IL-6 comes from the stromal vascular fraction of adipose tissue. There is a 
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positive relationship between IL-6 levels in adipose tissue and circulating C-reactive protein  
levels (Maachi et al., 2004), which is an important cardiovascular risk factor. Moreover, IL-6 
produced by intra-abdominal adipose tissue has been documented to directly link to 
visceral obesity- related hypertriglyceridaemia by stimulating hepatic secretion of 
triglycerides (Nonogaki et al., 1995). 

4.2 Obesity-induced downregulation of potentially beneficial adipokines 
4.2.1 Adiponectin 
Adiponectin is a protein highly expressed in adipose tissue. In contrast to other adipokines, 
adiponectin is underexpressed in obese patients with insulin resistance or T2DM. 
Adiponectin could enhance insulin sensitivity through activation of AMPK (Yamauchi et al., 
2002). In addition to its effects on insulin sensitivity, adiponectin has an anti-inflammatory 
effect through its anti- TNF-alpha action. For example, the in vitro study has demonstrated 
that macrophage activity and TNF-alpha production were significantly diminished in 
macrophages while cotreated with adiponectin (Ouchi et al., 2000). The anti-inflammatory 
activities of adiponectin extend to inhibition of IL-6 production accompanied by induction 
of the endogenous anti- inflammatory cytokines IL-10 and IL-1 receptor antagonist 
(Kumada et al., 2004). On the basis of all the above-mentioned studies, adiponectin appears 
to act as an anti- inflammatory molecule in adipose tissue. 

5. Cellular cross- talk and molecular mediators in the development of adipose 
tissue inflammation 
5.1 Adipocyte dysfunction and inflammation 
In obesity, excessive adipose tissue growth is associated with hypertrophy and hyperplasia 
of adipocytes. Excess energy intake or decreased expenditure results in excess TG 
accumulation and adipocyte hypertrophy in adipose tissue. Adipocyte size is related to 
dysregulated adipokines expression and secretion in humans. The hypertrophic adipocytes 
change their immune balance towards the production of pro- inflammatory, atherogenic 
and diabetic adipokines. Reportedly, the enlarged adipocytes appear to initiate 
macrophages infiltration which occurs secondarily in obesity through their dysregulated 
adipokine production (Jiao et al., 2009). Moreover, Nishimura et al showed that CD8+ T cells 
accumulated in obese adipose tissue, but not presence of greater number of CD8+ T cells in 
the systemic circulation in the state of obesity. The findings suggested that CD8+ T cells are 
activated by local stimulation in the adipose tissue (Nishimura et al., 2009). It implicates that 
obese adipose tissue activates CD8+ T cells via dysregulated adipokine expression. 
Adipocyte hypertrophy is associated with altered intracellular signaling. An increase in 
constitutive NF-κB activity has been reported in 3T3-L1 cell line during adipocyte 
differentiation and hypertrophy, which may potentially lead to adipokine overproduction 
(Berg et al., 2004). 3T3-L1 adipocyte hypertrophy could be artificially induced by preloading 
with palmitate, which in turn enhance oxidative stress and increase MCP-1 production 
through JNK and NF-κB signaling (Takahashi et al., 2008). In brief, adipose tissue might be 
regarded as an important source of inflammatory products in vivo (e.g. TNF-alpha, IL-6, 
leptin and adiponectin), which are regulated by the interactions among infiltrated immune 
cells and residual cells, i.e. adipocytes, endothelial cells in adipose tissue. Therefore, it could 
actively participate to initiate and regulate immune responses in local adipose tissue and 
whole body. 
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5.2 Hypoxia 
It has been speculated that the dysregulation of the production of inflammation-related 
adipokines in obesity, linked to the development of the metabolic syndrome and other 
obesity-associated disorders, is a specific response to relative hypoxia in clusters of 
adipocytes distant from the vasculature as adipose tissue mass expands. Hypoxia is 
exhibited in adipose tissue of obese individuals where oxygen partial pressure and blood 
flow are reduced. Moreover, the expression of hypoxia- inducible factor- 1 alpha (HIF-1 
alpha)-the master regulator of oxygen homeostasis” is higher in subcutaneous adipose 
tissue of obese vs. lean subjects (Cancello et al., 2005). In mouse model, hypoxia indicated by 
elevated HIF-1 alpha protein levels in WAT has also been demonstrated in both ob/ob mice 
and in diet- induced obese mice (Rausch, 2007; Ye, 2007). The presence of immunoreactive 
HIF-1 alpha, its induction by hypoxia and hypoxia mimetics have been demonstrated in 
several cell-based studies employing either the 3T3-F422A or 3T3-L1 adipocyte clonal cell 
lines (Chen, 2006; Lolmedet, 2003). Recent report has first showed that the production of 
angiogenic factors such as VEGF, leptin and matrix metalloproteinases are increased in 3T3-
F422A adipocytes in response to low O2 tension (5% O2) or chemical hypoxia. The 
downregulation of adiponectin gene expression by hypoxia in 3T3-L1 adipocytes has 
subsequently been confirmed (Hosogai et al., 2007), and occurs also in human adipocytes 
(Wang et al., 2007). The context of macrophage involved in adipose tissue function, with the 
induction of IL-6, MIF, TNF- alpha and VEGF gene expressions under hypoxia has been 
demonstrated in peritoneal macrophages (Ye et al., 2007). These observations suggest that 
there is a link between pockets of inflammation within WAT and the recruitment of 
macrophages into these same areas of the tissue through the hypoxia-mediated signaling 
and relevant adipokine production.  

5.3 Inflammatory fatty acids 
Obesity and insulin resistance are associated with high circulating concentrations of free 
fatty acids. A potential link between adipose tissue fatty acid composition and obesity has 
been high-lighted in several studies (Decsi, 1996; Williams, 2007). Arachidonate is the 
primary source of fatty acids that mediate inflammatory responses. In obese children from 
the Mediterranean region, arachidonate levels were increased in adipose tissue compared to 
those in lean children (Savvas et al., 2004). These findings link arachidonate levels in adipose 
tissue with obesity. Since arachidonate and fatty acid products in adipose tissue are 
important in regulating lipolysis, lipogenesis and adipogenesis, it is speculated that 
phospholipase A2 enzymes that release arachidonate from membrane phospholipids may 
be directly involved in these three processes. In fact, it has been demonstrated that knockout 
of the gene that encodes adipose-tissue specific phospholipase A2 enzyme (Group XVI 
phospholipase A2 or AdPLA) in mice increased the rate of lipolysis by markedly reducing 
prostaglandin E2 levels. These mice also showed reduced tissue mass, triglyceride levels, 
insulin resistance and increased fatty acid oxidation in obese adipocytes induced by either a 
high-fat feeding or leptin deficiency (Jaworski et al., 2009). Phospholipase A2 may also be 
important in releasing arachidonate from inflammatory cells to be later metabolized by 
other cells such as adipocytes. As a result, adipocytes may become chronically energy over- 
loaded, which may alter their secretory profiles. Secretory phospholipase such as secretory 
Phospholipase A2 from inflammatory cells could act to release arachidonate from 
neighboring cells including adipocytes. The cyclooxygenase 1 and cyclooxygenase 2 are 
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positive relationship between IL-6 levels in adipose tissue and circulating C-reactive protein  
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essential steps in the synthesis of prostanoids from arachidonate. Several studies have 
suggested that prostanoids modulate adipocyte differentiation and maturation (Shillabeer et 
al., 1998). The elevation in both prostaglandin E2 and prostaglandin I2 levels have been 
shown to induce adipocyte dysfunction (Kim & Moustaid-Moussa, 2000). Prostaglandin E2 
acts on EP3 receptors to decrease lipolysis by decreasing cAMP concentration and, thereby, 
contributes to the hypertrophic development of adipocyte (Jaworski et al., 2009). In addition, 
it has been demonstrated that cyclooxygenase (COX)-2 mediated inflammation in fat plays a 
pivotal role in the development of adipose tissue inflammation, insulin resistance and fatty 
liver in high fat- induced obese rats (Hsieh et al., 2009, 2010). The time- dependent increases 
in plasma insulin, glucose, leptin levels and homeostasis model assessment of insulin 
resistance (HOMA-IR) shown in high- fat induced obese rats were significantly reversed in 
those co-treated with a selective COX2 inhibitor (Celecoxib or Mesulid). COX2 inhibition 
also significantly reversed adipocyte hypertrophy, macrophage infiltration and decreased in 
markers of adipocyte differentiation shown in high fat diet- induced obese rats, especially in 
visceral fat rather than those in subcutaneous fat (Hsieh et al., 2009, 2010). In addition, in the 
COX2 deficient mouse model, PPAR-gamma (an adipocyte differentiation marker) mRNA 
expression in epididymal adipose tissue was reduced (Ghoshal et al., 2010). Recently, COX2 
has been shown to contribute to the differentiation of brown adipocytes in mice, following 
cold or adrenergic stimulation (Madsen, 2010 ; Vegiopoulos, 2010). They demonstrated that 
activating the COX2- mediated pathway in adipose tissue could trigger formation of lipid- 
burning brown adipose tissue and induce weight loss to treat obesity. But, the coming 
challenge is how to boost the pathway in adipose tissue without increasing COX2- related 
fat inflammation.  

6. Potential therapeutic drugs and immunotherapy in the treatment of obesity 
-induced adipose tissue inflammation and insulin resistance 
Various pharmacological interventions affect obesity-associated cardiometabolic 
abnormalities. The effects of these interventions depend on weight loss, changes in fat 
distribution and/or direct effects on adipose tissue inflammation. Furthermore, several 
pharmacological agents commonly used in patients with vascular diseases or diabetes mellitus 
also affect adipose tissue function by diverse mechanisms. Although the effects of these drugs 
on adipose tissue function are unintended, improving adipose tissue function of these 
treatments may causally link with their improving effects on vascular disease and T2DM. 

6.1 Salicylates and COX2 inhibitors 
Salicylates are one of the most commonly used nonsteroidal anti- inflammation drugs and 
have their main actions through COX inhibition. Selective COX2 inhibitors may improve 
obesity-associated adipose tissue abnormalities (Hsieh et al., 2009, 2010). Besides COX 
inhibiton, salicylates also act through inhibition of the activity of inhibitor of nuclear factor 
kappa-B kinase subunit beta (IKK-β) leading to a reduction in translocation of NF-kB to the 
nucleus, which action is crucially involved in the anti-diabetic effect of aspirin (Yin et al., 
1998; Yuan et al., 2001). Accordingly, salicylate in doses of 3 and 4.5 grams per day 
improved insulin resistance as measured by using a hyperinsulinemic euglycemic clamp. It 
also decreased free fatty acid and increased adiponectin levels by 35~45% in patients with 
type 2 diabetes (Goldfine et al., 2008). 
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6.2 Beta- blockers 
Several recent investigations have focused on the effects of the beta-blockers on adipose 
tissue dysfunction (Gress et al., 2000; Pollare et al., 1989). However, it still remains debated. 
For instance, a combined β1 and β2- adrenoceptor agonist is capable of downregulating 
adiponectin and upregulating TNF-alpha mRNA in murine adipocytes (Sharma et al., 2001). 
Conversely, some of the recent developed β- blockers do have beneficial effects on insulin 
resistance and adipokines without changes in weight. Nebivolol (5 mg daily), which has β2 
intrinsic sympaticomimetic action, increases plasma adiponectin levels in overweight 
patients with hypertension (Celik et al., 2006). Celipprolol (up to 400 mg daily), a combined 
β1 antagonist and β2 agonist reduces plasma leptin levels without a change in body weight 
in patients with dyslipidemia (Malminiemi, 2000). 

6.3 Aldosterone antagonists   
Adipose tissue is capable of producing an unidentified mineralcorticoid releasing factor that 
may stimulate aldosterone production (Lamounier-Zepter & Ehrhart-Bornstein, 2006). In 
obese diabetic mice, blocking the mineralcorticoid receptor reduced the expression of pro- 
inflammatory cytokines in adipose tissue while it lead to an increased expression of 
adiponectin in cardiac and adipose tissue (Guo et al., 2008). Additional evidence for an 
important role of the mineralcorticoid receptor in adipose tissue comes from a study in 
obese mice. It showed that blocking the mineralcorticoid receptor with eplerone ameliorated 
insulin resistance, decreased the number of hypertrophic adipocytes and infiltrating 
macrophages (Hirata et al., 2009). 

6.4 Angiotensin converting enzyme inhibitors (ACEI) 

Angiotensin converting enzyme inhibitors (ACEI) could affect insulin resistance by 
reducing plasma concentration of angiotensin Ⅱ, which increases serine phosphorylation of 
the insulin receptor, insulin receptor substrate 1 and phosphadidylinositol-3-kinase leading 
to a state of insulin resistance (Folli et al., 1997). Angiotensin Ⅱ might also influence insulin 
resistance via a direct pro- inflammatory effect on adipocyte and subsequently change in 
MCP-1, IL-6 and IL-8 production via the NF-kB pathway and increase production of leptin 
via an ERK1/2 dependent pathway in a murine model (Skurk et al., 2004; Tsuchiya et al., 
2006). 

6.5 Statins 
Statins might alleviate adipose tissue inflammation by inhibiting Toll- like receptor-4 
triggered IFN-γ expression in macrophages, which are abundant in adipose tissue and by 
increasing PPAR-γ expression (Abe et al., 2008; Desjardins et al., 2008). Murine 3T3-L1 
adipocytes incubated with blood samples from patients treated with parvastatin have been 
demonstrated to induce adiponectin production (Takagi et al., 2008). Moreover, atorvastatin, 
which is more lipophylic than pravasatin increases adiponectin levels in patients with 
coronary artery disease (CAD) or at high risk for CAD while having no effect on adiponectin 
in patients with diabetes (Ichida et al., 2006). Simvastatin, the most lipophylic statin, 
decreases adiponectin (Devaraj et al., 2007). These observations suggest that hydrophilic 
statins have more beneficial effect than those of  lipophylic statins on adipose tissue 
dysfunction. 
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6.6 Thiazolidinediones 
Thiazolidinediones (TZDs) such as pioglitazone and rosiglitazone have been suggested to be 
the potential drugs in preventing T2DM. Treatment with rosiglitazone for 3 years have been 
reported to lower the incidence of T2DM (Gerstein et al. 2006). TZDs may directly increase 
insulin sensitivity in the liver and adipose tissue where it is of critical importance for 
adipocyte differentiation. PPAR-γ agonists are thought to promote the uptake and storage of 
free fatty acids in adipocytes and may therefore protect the liver and muscle from the 
attacks of excess free fatty acids and their toxic effects. Also, PPAR-γ agonists such as 
pioglitazone have been shown to increase high molecular weight adiponectin and decrease 
TNF-αand RBP-4 levels in patients with T2DM (Aso et al., 2007). 

6.7 Metformin 
Apart from affecting glucose uptake in the liver and peripheral tissues, metformin has anti- 
inflammatory properties by inhibiting NF-kB and blocking the PI3K- Akt pathway in human 
vascular cells (Isoda et al., 2006). Recent study suggests that the effect of metformin on 
AMP-activated protein kinase (AMPK) dependent lipolysis in adipocytes may lead to lower 
plasma levels of fatty acids and improve adipose tissue function (Bourron et al., 2010). 
Moreover, metformin has been reported to reduce subcutaneous adipose tissue, total body 
fat percentage, BMI and waist circumference but not affect the amount of visceral adipose 
tissue in obese children and adolescents (Srinivasan et al., 2006). However, in a study with 
lean and obese patients with and without diabetes, metformin did not result in a reduction 
of BMI, nor did it affect plasma adiponectin levels after 4 months of treatment (Phillips et al., 
2003). Thererby, the clinical implication of metformin on treatment of obesity remains 
controversial. 

6.8 Immunotherapy 

Nishimura and colleagues have shown that CD8+ T cells play the important role in 
macrophage recruitment and adipose tissue inflammation. They found that large numbers 
of CD8+ T cells infiltrated into obese epididymal adipose tissue and preceded the 
accumulation of macrophages in fat tissue of high-fat induced obese mice. In addition, the 
immunological and genetic depletion of CD8+ T cells have been reported to lower 
macrophage infiltration, adipose tissue inflammation and ameliorate systemic insulin 
resistance (Nishimura et al., 2009). Besides, Winer and colleagues demonstrated that 
immunotherapy with CD4+ T cell transfer into lymphocyte-free obese mice reversed weight 
gain and insulin resistance. Short-term treatment with CD3-specific antibody markedly 
reversed insulin resistance for months, despite continuation of a high-fat diet (Winer et al., 
2009). Taken together, these observations not only demonstrate the importance of immune 
response in the development of obesity, but also identify a number of novel targets and 
strategies that could be harnessed to treat obesity in manners similar to the treatment of 
other immunological abnormalities. 

7. Conclusion  
Obesity-induced inflammation in adipose tissue has been considered as one of the main 
contributors to the development of insulin resistance and subsequent T2DM in the state of 
obesity. Both of the innate and adaptive immune systems have been documented to be 
crucially involved in the initiation and regulation of adipose tissue inflammation. In the 
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meantime, the adipokine dysregulation and hypoxia-mediated signaling during the 
development of adipocyte hypertrophy are also actively participate into the pathogenesis of 
adipose tissue inflammation. Recently, the role of inflammatory fatty acids such as 
arachidonate in the etiology of adipogenesis and lipogenesis has also been the subject of 
intensive investigation. Although the detail mechanisms remain incompletely understood, it 
could be a promising therapeutic target for prevention and treatment of obesity-induced 
insulin resistance and T2DM in the prospective future. Besides, several therapeutic drugs 
used in the patients with vescular diseases or diabetes and immunotherapy have also been 
shown to reduce the risk of developing insulin resistance and T2DM.  
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6.6 Thiazolidinediones 
Thiazolidinediones (TZDs) such as pioglitazone and rosiglitazone have been suggested to be 
the potential drugs in preventing T2DM. Treatment with rosiglitazone for 3 years have been 
reported to lower the incidence of T2DM (Gerstein et al. 2006). TZDs may directly increase 
insulin sensitivity in the liver and adipose tissue where it is of critical importance for 
adipocyte differentiation. PPAR-γ agonists are thought to promote the uptake and storage of 
free fatty acids in adipocytes and may therefore protect the liver and muscle from the 
attacks of excess free fatty acids and their toxic effects. Also, PPAR-γ agonists such as 
pioglitazone have been shown to increase high molecular weight adiponectin and decrease 
TNF-αand RBP-4 levels in patients with T2DM (Aso et al., 2007). 

6.7 Metformin 
Apart from affecting glucose uptake in the liver and peripheral tissues, metformin has anti- 
inflammatory properties by inhibiting NF-kB and blocking the PI3K- Akt pathway in human 
vascular cells (Isoda et al., 2006). Recent study suggests that the effect of metformin on 
AMP-activated protein kinase (AMPK) dependent lipolysis in adipocytes may lead to lower 
plasma levels of fatty acids and improve adipose tissue function (Bourron et al., 2010). 
Moreover, metformin has been reported to reduce subcutaneous adipose tissue, total body 
fat percentage, BMI and waist circumference but not affect the amount of visceral adipose 
tissue in obese children and adolescents (Srinivasan et al., 2006). However, in a study with 
lean and obese patients with and without diabetes, metformin did not result in a reduction 
of BMI, nor did it affect plasma adiponectin levels after 4 months of treatment (Phillips et al., 
2003). Thererby, the clinical implication of metformin on treatment of obesity remains 
controversial. 

6.8 Immunotherapy 

Nishimura and colleagues have shown that CD8+ T cells play the important role in 
macrophage recruitment and adipose tissue inflammation. They found that large numbers 
of CD8+ T cells infiltrated into obese epididymal adipose tissue and preceded the 
accumulation of macrophages in fat tissue of high-fat induced obese mice. In addition, the 
immunological and genetic depletion of CD8+ T cells have been reported to lower 
macrophage infiltration, adipose tissue inflammation and ameliorate systemic insulin 
resistance (Nishimura et al., 2009). Besides, Winer and colleagues demonstrated that 
immunotherapy with CD4+ T cell transfer into lymphocyte-free obese mice reversed weight 
gain and insulin resistance. Short-term treatment with CD3-specific antibody markedly 
reversed insulin resistance for months, despite continuation of a high-fat diet (Winer et al., 
2009). Taken together, these observations not only demonstrate the importance of immune 
response in the development of obesity, but also identify a number of novel targets and 
strategies that could be harnessed to treat obesity in manners similar to the treatment of 
other immunological abnormalities. 

7. Conclusion  
Obesity-induced inflammation in adipose tissue has been considered as one of the main 
contributors to the development of insulin resistance and subsequent T2DM in the state of 
obesity. Both of the innate and adaptive immune systems have been documented to be 
crucially involved in the initiation and regulation of adipose tissue inflammation. In the 
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meantime, the adipokine dysregulation and hypoxia-mediated signaling during the 
development of adipocyte hypertrophy are also actively participate into the pathogenesis of 
adipose tissue inflammation. Recently, the role of inflammatory fatty acids such as 
arachidonate in the etiology of adipogenesis and lipogenesis has also been the subject of 
intensive investigation. Although the detail mechanisms remain incompletely understood, it 
could be a promising therapeutic target for prevention and treatment of obesity-induced 
insulin resistance and T2DM in the prospective future. Besides, several therapeutic drugs 
used in the patients with vescular diseases or diabetes and immunotherapy have also been 
shown to reduce the risk of developing insulin resistance and T2DM.  
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1. Introduction 
As the prevalence of obesity and type II diabetes continues to rise, accurate tools for 
quantifying abdominal body and organ fat are critically needed to assist researchers 
investigating therapeutic and preventive measures against obesity and its comorbidities. Fat 
accumulation in the liver, pancreas, and skeletal muscles are indicators of diabetes, the 
metabolic syndrome, and obesity. In addition to organ fat, the distribution of abdominal 
subcutaneous and visceral adipose tissue play critical roles in determining one’s metabolic 
profile and health risks. Rapid comprehensive human body fat quantification remains an 
unsolved problem and unmet need. Magnetic resonance imaging (MRI) is the most 
promising modality to address such challenge. MRI is non-invasive, utilizes no ionizing 
radiation, provides 3D visualization of the anatomy, has immense flexibility in tissue 
contrast mechanisms, is safely repeatable across longitudinal studies without restrictions, 
and is applicable to cohorts of all ages, particularly children and adolescents.  
This chapter provides the reader with an overview of MRI techniques for measuring 
abdominal adiposity and organ fat. The described methods are useful in preventive 
medicine for early detection of health risks, in studies for identifying changes in 
subcutaneous and visceral adipose tissue volumes due to intervention, such as bariatric 
surgery and diet, and in comparing trends between gender and ethnicity groups. The 
chapter is divided into several sections. It begins with a description of MRI principles. This 
provides the reader with basic knowledge and familiarizes them with terminology. Next, 
emphasis is placed on specific MRI approaches such as T1-weighted imaging and magnetic 
resonance spectroscopy (MRS) as well as state-of-the-art chemical shift imaging (CSI) 
techniques that are used to assess body and organ fat. Each technique is discussed in detail 
and compared to its counterparts. Following this description of imaging methodologies, 
post-processing and image analysis procedures for extracting adipose tissue depot volumes 
and percent organ fat content from abdominal MRI data using commercially available 
software are explained. The advantages and disadvantages of each MRI approach with 
respect to imaging parameters, spatial resolution, subject motion, scan time, and appropriate 
fat quantitative endpoints are emphasized. The benefits and challenges of contiguous 3D 
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fat quantitative endpoints are emphasized. The benefits and challenges of contiguous 3D 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

216 

acquisitions over 2D multi-slice approaches are reviewed. Finally, practical considerations in 
implementing these methods in the clinical setting are offered, along with an outlook on 
future fat imaging research. Throughout the chapter, illustrative figures accompany each 
section to highlight the topics. 

2. Basic principles of magnetic resonance imaging 
Detailed MRI physics are available for the casual (Hashemi & Bradley, 1999) and technical 
readers (Bernstein et al., 2004; Haacke et al., 1999; Vlaardingerbroek & den Boer, 1999).  
 

 
Fig. 1. Magnetization. (a) A hydrogen atom, or proton spin, exhibits a magnetic dipole M, 
due to the spinning motion of its positive nucleus. The dipole is similar to a bar magnet with 
“North (N)” and “South (S)” poles. (b) Spins are randomly oriented without the presence of 
a B0 field and gives rise to no net magnetization. (c) Dipoles either align with or against the 
B0 field in its presence, with a slight preference for the former. A measurable magnetization, 
Mlongitudinal, is thus generated. (d) Water and fat (triglycerides) are the most common 
hydrogen-containing molecules. For fat, colors represent hydrogens with different local 
chemical environments. Figure (d) courtesy of G. Hamilton, Ph.D., University of California 
San Diego. Schematic presented for illustration only and is not drawn to scale. 
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2.1 Signal origin, magnetization, and precession: The “M” 
The signal in MRI arises from the nucleus of an atom, which consists of one or more 
positively charged protons. Figure 1a illustrates a naturally spinning nucleus, which can be 
considered as a charged particle in motion (e.g. an electric current). The movement of this 
electric current, albeit an infinitesimally small one, produces a magnetic dipole M about the 
nucleus. While the inherent magnetic dipole of a single atom is small, a large population of 
atoms in an object or human body can be significant and detectable. The magnetization of 
hydrogen whose nucleus consists of a single proton (1H) is frequently measured in MRI, due 
primarily to its high natural abundance in organic life forms. The two most common 
hydrogen-containing molecules are water and fat (e.g. triglycerides), as shown in Figure 1d. 
Their magnetization signals within an imaging object or patient are detected, excited, 
measured, and reconstructed into diagnostic images.  
The superconducting MRI magnets used for human imaging generates a magnetic field (B0) 
strength between 0.5 and 3.0 Tesla (T). Routine imaging is performed at 1.5T, and in more 
recent years at 3.0T. By comparison, these strengths are much greater than the natural 
North-South magnetic fields of Earth’s poles, which varies between 0.3 and 0.6 Gauss (G), 
where 1T=10,000G. The B0 field is oriented along the longitudinal axis of the magnet bore, as 
shown in Figure 1c. Prior to placing a subject within the magnet bore, each proton spin 
within a population has its magnetic dipole oriented in a random direction (Fig. 1b). The net 
magnetization of this population is zero and not detectable. Figure 1b illustrates spin 
behaviors after the subject enters the B0 field. The magnetic field forces the individual 
dipoles to either align with or against B0. Only a small fraction of spins preferentially align 
with B0 than against it. Nevertheless, it is this slightly greater population of dipoles that 
align with B0 and the abundance of hydrogen atoms in vivo that is responsible for producing 
a measurable net signal. Since this net magnetization is oriented along the longitudinal axis 
of the magnet bore, it is referred to as Mlongitudinal. With higher B0 fields, the proportion of 
aligned spins increases and gives rise to a larger Mlongitudinal and hence a stronger signal. 
Interactions between the magnetization and the B0 field causes precession. The Larmor 
frequency or rate of precession fLarmor is determined by Equation 1, where /(2) is the 
gyromagnetic ratio of the nuclei of interest. For protons, it is 4,257 Hz/G.  

 Larmorf B   0/(2 )  (1) 

The Larmor frequency is nuclei specific and linearly proportional to B0. At B0 = 1.5T, proton 
fLarmor is 63.86 MHz; at 3.0T, it doubles to 127.6 MHz (1MHz = 106 Hz, 1Hz=1 cycle/second). 
It is precession, the continuous motion of spin magnetization M at the Larmor frequency 
that induces signals needed for image generation. Thus, analogous to a radio transmitter 
and receiver, MRI signal detection is based on frequency, and as will be discussed later, it is 
precisely the Larmor frequency difference between hydrogens in water and fat that 
underpins several approaches to body and organ fat quantification.  

2.2 Radiofrequency excitation and relaxation: the “R” 
Once Mlongitudinal is generated, it must be tipped, or nutated, into the orthogonal transverse 
plane in order for signals from precessing spins to be detected by local receiver coil(s). This 
is shown in Figure 2. The nutation from Mlongitudinal to Mtransverse is accomplished through 
radiofrequency (RF) pulses that are applied on resonance at the Larmor frequency. In the 
figure, a 90º nutation or excitation is shown. However, an arbitrary value can be used. The 
angle of nutation is denoted by  and is referred to as the flip angle. Just as the RF excitation 
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pulse is applied on resonance at the Larmor frequency to most efficiently nutate Mlongitudinal, 
the receiver coil(s) are similar tuned to the Larmor frequency to detect Mtransverse. 
After Mtransverse is created and the RF pulse is turned off, the spins will gradually begin to 
“relax”. Two simultaneous and independent relaxation processes occur. First, the signal will 
recover towards the longitudinal axis, progressively restoring the Mlongitudinal vector to its 
original state prior to RF excitation. The rate recovery is denoted by the T1 spin-lattice term, 
an exponential constant. Second, spins in the transverse plane will gradually lose signal 
coherence. This causes a progressive reduction of Mtransverse at an exponential decay rate of T2, 
also known as spin-spin relaxation. T1 and T2 values are material, tissue, and B0 dependent 
(De Bazelaire et al., 2004; Stanisz et al., 2005).  
 

 
Fig. 2. RF excitation. (a) Mlongitudinal does not induce a signal in the receiver coil. In order for a 
measurable signal to be generated, Mlongitudinal must be nutated into the orthogonal plane 
(dashed arrow) to form Mtransverse. (b) Nutation is accomplished via excitation by an RF pulse 
applied on resonance at the Larmor frequency. The duration and amplitude of the pulse 
determines the angle of nutation, or flip angle . A 90º example is shown.  
 

 
Fig. 3. Tissue contrast. Axial brain sections acquired with (a) TR=400 msec, TE=14 msec; (b) 
TR=2000 msec, TE=80 msec in one subject while keeping the flip angle constant. (a) A T1-
weighted image where gray matter (GM) is darker than white matter (WM). (b) A T2-
weighted image, where tissue contrast has been inverted and GM is brighter than WM. 
Axial brain sections acquired with (c) flip angle of 30 degrees and (d) 5 degrees in another 
subject, while keeping TR and TE constant. Note again differences in tissue contrast. 
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In an MRI experiment, RF pulses are repeated in the form of a pulse sequence to gather 
adequate data for each imaging slice of interest. After each RF excitation, a signal or echo 
is measured at a specified echo time (TE). The time between successive RF excitations is 
the repetition time (TR). By varying the flip angle, TR, and TE, an operator has immense 
flexibility over tissue signal contrast in the resultant image. Figure 3 illustrates two axial 
sections of a human brain, acquired with different pairs of TR and TE values. Note that 
the signal contrast between gray and white matter changes. TR and TE pairs that exploit 
the difference in T1 values between tissues yield T1-weighted images (Fig. 3a), where 
white matter (shorter T1, faster recovery) is brighter than gray matter (longer T1, slower 
recovery). On the contrary, TR/TE pairs that exploit differences in T2 yield T2-weighted 
images (Fig. 3b), where white matter (shorter T2, faster decay) is darker than gray matter 
(longer T2, slower decay). Similar tissue contrasts can be achieved by changing only the 
flip angle (Fig. 3c, d). 

2.3 Magnetic gradients, k-space, and the Fourier transform: the “I” 
In a pulse sequence, each echo gathers signal contrast and spatial information about the 
imaging object and its spin ensemble. A pulse sequence (Fig. 4) contains not only the RF 
component, but also three magnetic gradients, Gslice, Gphase, and Gread. These gradients perturb 
the B0 field linearly as a function of distance. In synchrony with Gslice, a RF pulse can excite 
an isolated section of the imaging object (e.g. the head, abdomen, or knee). This is known as 
volume or slice-selection. Gphase and Gread then provide information on the spatial locations of 
spins from the excited section by establishing a one-to-one relationship between their 
locations and their unique precessing frequencies and phases (spatial-encoding). Aligning 
the three gradients in various combinations yields the desired image orientation.  
 

 
Fig. 4. A pulse sequence diagram. Gradient Gslice is applied in conjunction with the RF pulse 
to specifically excite a desired section of the imaging object at a given orientation. This is 
followed by 2D or 3D spatial-encoding (*), where locations of spins are determined based on 
their precessing frequency and their phase accrual in the presence of Gread, Gphase, and Gslice.  

Each acquired echo provides a snapshot, or “view” of the underlying image. By iterating 
through multiple spatial (frequency and phase) encoding loops, differential “views” of the 
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pulse is applied on resonance at the Larmor frequency to most efficiently nutate Mlongitudinal, 
the receiver coil(s) are similar tuned to the Larmor frequency to detect Mtransverse. 
After Mtransverse is created and the RF pulse is turned off, the spins will gradually begin to 
“relax”. Two simultaneous and independent relaxation processes occur. First, the signal will 
recover towards the longitudinal axis, progressively restoring the Mlongitudinal vector to its 
original state prior to RF excitation. The rate recovery is denoted by the T1 spin-lattice term, 
an exponential constant. Second, spins in the transverse plane will gradually lose signal 
coherence. This causes a progressive reduction of Mtransverse at an exponential decay rate of T2, 
also known as spin-spin relaxation. T1 and T2 values are material, tissue, and B0 dependent 
(De Bazelaire et al., 2004; Stanisz et al., 2005).  
 

 
Fig. 2. RF excitation. (a) Mlongitudinal does not induce a signal in the receiver coil. In order for a 
measurable signal to be generated, Mlongitudinal must be nutated into the orthogonal plane 
(dashed arrow) to form Mtransverse. (b) Nutation is accomplished via excitation by an RF pulse 
applied on resonance at the Larmor frequency. The duration and amplitude of the pulse 
determines the angle of nutation, or flip angle . A 90º example is shown.  
 

 
Fig. 3. Tissue contrast. Axial brain sections acquired with (a) TR=400 msec, TE=14 msec; (b) 
TR=2000 msec, TE=80 msec in one subject while keeping the flip angle constant. (a) A T1-
weighted image where gray matter (GM) is darker than white matter (WM). (b) A T2-
weighted image, where tissue contrast has been inverted and GM is brighter than WM. 
Axial brain sections acquired with (c) flip angle of 30 degrees and (d) 5 degrees in another 
subject, while keeping TR and TE constant. Note again differences in tissue contrast. 
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imaging object are obtained. Each echo is an oscillatory function that represents the sum of a 
spin ensemble observed from a particular “view”, and each of the involved spins are 
precessing at a slightly different gradient-tuned frequency and phase. To separate the signal 
into its individual components, each echo is first stored as a line of data points in the spatial 
frequency domain, or k-space. Once all echoes are acquired, a Fourier Transform (FT) 
operation generates the image (Fig. 5).  
 

 
Fig. 5. Image formation. A pulse sequence collects echoes and fills the data in k-space after 
each RF pulse. A Fourier Transform yields the net image result after the pulse sequence 
iterates through multiple spatial-encoding “view” loops. An echo example is shown in red. 
 

 
Fig. 6. k-space and resolution. (a) A set of images with varying numbers of “views”. 
Resolution improves with more “views”. (b) k-space can be considered in two parts, a 
central region containing low-spatial-frequency data inside the dashed ellipse, and a high-
spatial-frequency region outside the ellipse. Images show that low-spatial-frequencies give 
rise to gross contrast, while high-spatial-frequencies contribute to edges and details. When 
an echo is acquired, it samples both central and peripheral k-space.  

2.4 Field of view, spatial resolution, and acquisition time 
Field of view (FOV) describes the size of the imaging volume and is set by the MRI operator. 
Spatial resolution refers to the physical dimensions of each 2D pixel or 3D voxel. Smaller 
dimensions provide greater spatial resolution and resolving power to delineate fine 
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structures. Spatial resolution is determined by the number of acquired k-space data samples 
(N), and can be computed as the ratio of FOV and N along each axis. Higher resolution 
usually demands a greater number of samples, which consequently implies a longer 
acquisition time of the MRI experiment. This is because it typically takes one TR repetition 
to acquire each of the Nphase and Nslice phase-encoding “views”. Figure 6a illustrates a series of 
images of a circular object. Nread was set constant (horizontal axis) while Nphase (vertical axis) 
was varied. With only one phase-encoding “view”, vertical spatial resolution is non-existent. 
With nine “views”, the circular outline and embedded parallel bars become visible. With 32, 
64, and 128 “views”, the detail of the bars are improved. Figure 6b illustrates a key property 
of k-space. A full k-space data set is shown along with its image. If only central k-space is 
reconstructed, the resultant image exhibits the overall shape and signal contrast of the 
object, but is blurry and lacks spatial detail. Conversely if only the peripheral data points are 
reconstructed, the resultant image is devoid of any signal contrast, but shows edge detail. 
Thus, both central and peripheral k-space are critical for high image quality. 

3. Magnetic resonance imaging of fat 
As the prevalence of obesity and type II diabetes continue to rise (Flegal et al., 2010), 
evidence has attributed obesity-related health risks to the accumulation of subcutaneous 
and visceral adipose tissue (SAT, VAT) and ectopic organ fat (Choudhary et al., 2007; 
Despres et al., 2008). Non-invasive assessment of body and organ fat has become an 
important component in obesity research and fat measures are useful as biomarkers to 
stratify risks and evaluate the efficacy of therapies.  
Many methods have been historically available for body fat assessment (Ellis, 2000; 
Mattsson, 2006). Anthropometry, hydrodensitometry, air displacement plethysmography 
(ADP), bioelectric impedance (BIA), and dual energy X-ray absorptiometry (DEXA) have 
been widely used. The first four are indirect techniques because they measure body density 
or resistance, which are then converted into percent body fat using generalized equations 
(Jackson, 1982). Hydrodensitometry and ADP are limited to estimating total body fat, while 
BIA and DEXA are limited to total and regional body fat measures. Most importantly, these 
indirect methods are not able to differentiate between SAT and VAT or identify ectopic fat.  
An increased utilization of computed tomography (CT) (Goodpaster et al., 2000, Kvist et al., 
1988; Seidell et al., 1990), quantitative magnetic resonance (QMR) (Napolitano et al., 2008), 
and particularly MRI for body fat assessment (Abate et al., 1997; Berglund et al., 2010; Brix et 
al., 1993; Kullberg et al., 2009; Lancaster et al., 1991; Machann, et al., 2005; Ross et al., 2000; 
Schick et al., 2002; Siegel et al., 2007; Thomas et al., 2005;) has been reported in recent years. 
Along with DEXA, CT, QMR, and MRI are direct techniques because they identify fat based 
on the tissue's unique properties and signals in each modality. QMR does not yield images 
and is limited to measuring total body fat. In contrast, CT and MRI can differentiate SAT 
and VAT with multi-dimensional images. However, only MRI, with its sensitive contrast 
mechanisms for water and fat-based tissues, can accurately quantify ectopic fat. MRI is 
emerging as a comprehensive tool for fat quantification. The following sections describe 
fundamental MRI concepts that underpin T1-weighted imaging, MR spectroscopy (MRS), 
and state-of-the-art chemical shift imaging (CSI). 

3.1 T1-Weighted MRI 
As discussed in Section 2.2, MRI signal intensities are influenced by many factors including 
proton density, tissue-specific relaxation rates, the flip angle, and pulse sequence timings. 
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structures. Spatial resolution is determined by the number of acquired k-space data samples 
(N), and can be computed as the ratio of FOV and N along each axis. Higher resolution 
usually demands a greater number of samples, which consequently implies a longer 
acquisition time of the MRI experiment. This is because it typically takes one TR repetition 
to acquire each of the Nphase and Nslice phase-encoding “views”. Figure 6a illustrates a series of 
images of a circular object. Nread was set constant (horizontal axis) while Nphase (vertical axis) 
was varied. With only one phase-encoding “view”, vertical spatial resolution is non-existent. 
With nine “views”, the circular outline and embedded parallel bars become visible. With 32, 
64, and 128 “views”, the detail of the bars are improved. Figure 6b illustrates a key property 
of k-space. A full k-space data set is shown along with its image. If only central k-space is 
reconstructed, the resultant image exhibits the overall shape and signal contrast of the 
object, but is blurry and lacks spatial detail. Conversely if only the peripheral data points are 
reconstructed, the resultant image is devoid of any signal contrast, but shows edge detail. 
Thus, both central and peripheral k-space are critical for high image quality. 

3. Magnetic resonance imaging of fat 
As the prevalence of obesity and type II diabetes continue to rise (Flegal et al., 2010), 
evidence has attributed obesity-related health risks to the accumulation of subcutaneous 
and visceral adipose tissue (SAT, VAT) and ectopic organ fat (Choudhary et al., 2007; 
Despres et al., 2008). Non-invasive assessment of body and organ fat has become an 
important component in obesity research and fat measures are useful as biomarkers to 
stratify risks and evaluate the efficacy of therapies.  
Many methods have been historically available for body fat assessment (Ellis, 2000; 
Mattsson, 2006). Anthropometry, hydrodensitometry, air displacement plethysmography 
(ADP), bioelectric impedance (BIA), and dual energy X-ray absorptiometry (DEXA) have 
been widely used. The first four are indirect techniques because they measure body density 
or resistance, which are then converted into percent body fat using generalized equations 
(Jackson, 1982). Hydrodensitometry and ADP are limited to estimating total body fat, while 
BIA and DEXA are limited to total and regional body fat measures. Most importantly, these 
indirect methods are not able to differentiate between SAT and VAT or identify ectopic fat.  
An increased utilization of computed tomography (CT) (Goodpaster et al., 2000, Kvist et al., 
1988; Seidell et al., 1990), quantitative magnetic resonance (QMR) (Napolitano et al., 2008), 
and particularly MRI for body fat assessment (Abate et al., 1997; Berglund et al., 2010; Brix et 
al., 1993; Kullberg et al., 2009; Lancaster et al., 1991; Machann, et al., 2005; Ross et al., 2000; 
Schick et al., 2002; Siegel et al., 2007; Thomas et al., 2005;) has been reported in recent years. 
Along with DEXA, CT, QMR, and MRI are direct techniques because they identify fat based 
on the tissue's unique properties and signals in each modality. QMR does not yield images 
and is limited to measuring total body fat. In contrast, CT and MRI can differentiate SAT 
and VAT with multi-dimensional images. However, only MRI, with its sensitive contrast 
mechanisms for water and fat-based tissues, can accurately quantify ectopic fat. MRI is 
emerging as a comprehensive tool for fat quantification. The following sections describe 
fundamental MRI concepts that underpin T1-weighted imaging, MR spectroscopy (MRS), 
and state-of-the-art chemical shift imaging (CSI). 

3.1 T1-Weighted MRI 
As discussed in Section 2.2, MRI signal intensities are influenced by many factors including 
proton density, tissue-specific relaxation rates, the flip angle, and pulse sequence timings. 
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The T1 of fat is one of the shortest amongst tissues in vivo. This indicates a very rapid 
recovery of its longitudinal magnetization between successive RF excitations. Therefore, by 
using a T1-weighted sequence, strong tissue contrast can be achieved between short-T1 fat 
tissues and muscles and organs with longer T1 values (Fig. 7). Bright fat can thus be easily 
identified and delineated by simple signal intensity thresholding (e.g. cutoff) from darker 
structures. T1-weighted sequences are very common in clinical MRI and are a part of nearly 
every protocol and anatomy. They have been used by several investigators as the standard 
workhorse tool for assessing SAT and VAT distributions (Machann et al., 2005; Ross et al. 
2000; Siegel et al., 2007). T1-weighted sequences are available as standard software on all 
commercial MRI scanners (GE, Philips, Siemens, Hitachi, and Toshiba) and can be easily 
implemented by the operator. Tissue T1 values increase slightly with B0 field, such that 
optimization in pulse sequence parameters are needed to maintain comparable tissue 
contrast between magnetic field strengths. 
 

 
Fig. 7. T1-weighted MRI. Examples in the (a) abdomen and (b) thigh, demonstrating the high 
signal intensities of fat in vivo (arrows: SAT, VAT, bone marrow, intermuscular fat) in 
contrast to darker muscles and organs (L: liver, P: pancreas, K: kidneys, M: muscle, S: 
spleen). (c) A high signal intensity threshold of an abdominal T1-weighted image easily 
identifies fat pixels. Intensities with values below the set threshold are “discarded” and set 
to zero. For well-optimized T1-weighted pulse sequences, this simple step can be quite 
robust in identifying abdominal SAT (middle) and VAT depots (right). 

3.2 Single-voxel magnetic resonance spectroscopy 
Single-voxel MRS has been the gold-standard for ectopic fat quantification (Hamilton et al., 
2009; Kim et al., 2008; Lingvay et al., 2009; van Werven et al., 2009; Weis et al., 2008). Unlike 
MRI, MRS usually does not provide anatomical information in the form of an image. It 
instead yields a precise spectrum of chemical composition within one voxel. MRS relies on 
chemical shift, which refers to differences in the Larmor frequencies of water and fat protons 
(Fig. 8). Water protons from (-OH) hydroxyl groups are characterized by a spectral peak at 
4.7 ppm (parts-per-million). In contrast, the predominant protons of triglycerides are from 
the (-CH2)n methylene groups (black H in Fig. 1d). Due to different chemical environments 
surrounding the protons (oxygen in water versus carbon in triglycerides), methylene 
protons have a slightly lower resonant frequency. The frequency separation between water 
and the methylene fat peak is linearly proportional to B0, such that larger chemical shift 
separations are achieved with increasing field strengths. At 1.5 and 3.0 Teslas and body 
temperature, the water-fat chemical shift is approximately 220 and 440 Hz, respectively 
(Brix et al., 1993; Cassidy et al., 2009; Ren et al., 2008). Note that this frequency difference is 
miniscule in comparison to the MHz Larmor values. Nevertheless, water-fat chemical shift 
is detectable via MRS and the resulting spectrum provides an intuitive visualization of the 
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presence and relative quantity of chemical species. MRS packages are available on most 
commercial MRI scanners and typically require some operator expertise to implement.  
 

 
Fig. 8. Example of a spectrum from 1H MRS containing water and fat. The water peak is at 
4.7 ppm. The fat methylene peak (#5) is shifted 3.4 ppm downfield, at 1.3 ppm. While water 
is a symmetrical molecule and has a true single peak, fat exhibits additional minor peaks 
from other moieties, some of which are in close proximity to the water peak. The area under 
each peak represents the amount of each species present, such that a fat:water ratio (e.g. a fat 
fraction) can be measured. The Larmor frequency separation between water and fat can be 
computed by multiplying the ppm difference by the right-side of Equation 1. Color notation 
corresponds to Figure 1. Figure courtesy of G. Hamilton, Ph.D., University of California San 
Diego. 

3.3 Frequency-selective MRI 
Since MRI involves RF pulses tuned to specific resonant frequencies, a novel technique that 
exploits the Larmor difference between water and fat to quantify SAT, VAT, and 
intermuscular fat has been developed (Kaldoudi et al., 1993; Machann J et al., 2003; Peng et 
al., 2007, Schick et al., 2002). One approach is to selectively excite fat spins by tuning a 
narrow bandwidth RF pulse specifically to fat’s resonant frequency. As a result, only fat 
protons are nutated and detected by signal receivers while those of water remain in the 
longitudinal plane. The encoded data and image exhibit only signals from fat and the 
appearance resemble T1-weighted contrast where fat appears recognizably bright (Fig. 9). 
The sharp contrast between water and fat-dominant tissues and organs readily facilitates 
thresholding and fat volume quantification. Selective-fat-excitation and water-suppression 
are terms used interchangeably to refer to this technique in literature.  
A disadvantage of selective-fat-excitation is that the narrow bandwidth RF pulse can only 
account for the methylene fat peak and minor peaks that are in its close proximity. The fat 
peaks near water are neglected. This issue limits the applicability of frequency-selective MRI 
to SAT and VAT quantification only, and not ectopic fat content. Frequency-selective 
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techniques can be implemented on all commercial scanners. The method works well at 1.5T, 
but can be unreliable at higher fields due to its sensitivity to B0 inhomogeneities. B0 
inhomogeneity refers to unknown object-dependent and spatially-varying deviations of the 
magnetic field from its intended value, and can cause unintentional resonant frequency 
drifts on the order of 102 - 103 Hz. Inhomogeneities arise from manufacturing imperfections, 
perturbations by metals, and the mere placement of a human inside the magnet bore. They 
are quite significant around air-tissue-bowel interfaces. B0 inhomogeneity, also known as 
off-resonance, globally shifts the ppm locations (and Larmor frequencies) of water and fat 
peaks such that they are no longer at 4.7 and 1.3 ppm, respectively. However, the difference 
between them remains unchanged at 3.4 ppm. In the presence of significant B0 
inhomogeneity, an RF pulse intended for fat’s resonance can erroneously excite water’s 
resonance. Although higher field strength leads to greater water-fat peak separation, the 
worsening B0 inhomogeneity counteracts the benefit and degrades overall performance.  
 

 
Fig. 9. Frequency-selective MRI. Three slices are shown acquired at (a) 1.5T, and (b, c) 3.0T. 
In (a), SAT and VAT exhibit high signal intensity, in contrast to water-dominant muscles 
and organs. In (b), the dashed box encloses the left oblique and transversus abdominis 
muscles. There is appreciable signal from the muscles, in comparison to the darker right 
side. Due to B0 inhomogeneity, selective-fat-excitation was ineffective in this region. In (c), 
performance is severely hindered in the right anterior SAT region (arrow). Significant B0 
inhomogeneity has caused the selective-fat-excitation RF pulse to suppress fat signal. 

3.4 Chemical shift MRI 
Chemical shift imaging (CSI) integrates sensitive water-fat spectral detection from MRS with 
imaging (Bley et al., 2010; Hood & Ho, 1999; Ma, 2008). CSI consists of a family of 
approaches that have been developed over the past 25 years. Dixon was the first to 
demonstrate that by controlling the echo time when data was acquired after RF excitation, 
the net detected MRI signal can comprise either of water and fat in-phase (IP=W+F, aligned, 
phase=0 degrees) or out-of-phase (OP=W-F, anti-aligned, phase=180 degrees), as illustrated 
in Figure 10 (Dixon, 1984). Dixon recognized that by using this two-point (IP and OP) 
approach, separated water and fat images could be obtained by image algebra (Cassidy et 
al., 2009). By reconstructing separated water and fat images, a subsequent percent fat 
fraction map (fat:water ratio) can be computed, which would facilitate measurement of fat 
accumulation in organs on a voxel-by-voxel basis. Intuitively, one can realize that for a voxel 
containing only water or fat, its net signal will be the same on IP and OP acquisitions as one 
component’s signal will be zero. In contrast, a voxel containing both water and fat will have 
different signals from the two acquisitions (Fig. 11). Recent developments in water-fat 
separation and image reconstruction algorithms have advanced the traditional two-point 
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Dixon method beyond IP/OP to arbitrary echo time choices (Berglund et al., 2011; Bydder et 
al., 2011; Eggers et al., 2011; Ma, 2008; Xiang, 2006).  
 

 
Fig. 10. Two-point Dixon MRI. (a) Before RF excitation, water (W) and fat (F) magnetizations 
are along the longitudinal axis. (b) Immediately after RF excitation, the transverse 
magnetizations are in-phase. An echo acquired at this point would reflect a net signal of 
W+F. (c) With the signal receivers tuned to the Larmor frequency of water, the slower 
precessing chemically-shifted fat signal will accrue a phase of 180 degrees, or OP, with 
respect to water after some time. An echo acquired at this point would reflect a net signal of 
W-F. As time proceeds, the signal will become IP and OP periodically. At 1.5T, the 
periodicity is 2.4 msec; at 3.0T, it is 1.2 msec. For this approach, only the methylene fat peak 
is considered. Note in (c) that both vectors are smaller in amplitude, due to T2 relaxation. 
 

 
Fig. 11. Two-point Dixon MRI. In-phase (IP) and out-of-phase (OP) images from two 
subjects are shown. In the first subject (top row), the signal intensities within the liver 
between IP and OP images are similar. This signifies very little presence of hepatic fat. In the 
second subject (bottom row), the liver signal intensities is lower in the OP image (dashed 
regions). This indicates presence of hepatic fat. The difference image of the top subject is 
nearly zero in the liver, whereas the lower subject shows appreciable signal. As determined 
by MRS, the hepatic fat fractions of the subjects were 3.4% and 21.2%, respectively.  
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techniques can be implemented on all commercial scanners. The method works well at 1.5T, 
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CSI has evolved significantly over the past decade due to strong motivation by clinical interest 
and research in obesity and its comorbidities, particularly fatty liver disease (Bley et al., 2010; 
Cassidy et al., 2009; Ma, 2008). More robust and improved techniques have been developed to 
incorporate B0 inhomogeneity estimation into the water-fat separation algorithm. These 
variants typically require three or more TE measurements (e.g. three-point Dixon). Modern 
CSI approaches have also addressed the problem of water-fat signal ambiguity (Hussain et al., 
2005), which refers to the inability of early two-point methods to determine whether fat or 
water is the predominant specie present in a voxel. In other words, a voxel contain x% fat and 
(100-x)% water can be indiscernible from a voxel containing x% water and (100- x)% fat (e.g. 
there is ambiguity about the 50% fat fraction apex). Many recent literature reports have 
validated CSI in measuring liver fat fraction (Kim et al., 2008; Guiu et al., 2009; Hussain et al, 
2005; Hu et al., 2010; Meisamy et al., 2011; O’Regan et al., 2008; Yokoo et al., 2009). While CSI 
pulse sequences are not difficult to implement, they often require technician involvement and 
manufacturer support in establishing appropriate protocols. CSI software is available on new 
commercial MRI platforms as clinical or research-dedicated software.  
 

 
Fig. 12. IDEAL fat fraction (FF) MRI. (a) Oil-water emulsions, ranging in percent volume oil 
from 0% (clear bottle) to 100% (transparent yellow bottle) are shown. IDEAL reconstructed 
fat-only and water-only images in the upper right and bottom left panels, respectively, 
along with the colorized FF map. The bottles are in a water-filled dish. (b) Correlation of 
true fat volume fraction against the mean FF from IDEAL. Excellent agreement is achieved. 

Recent advances in CSI have led to the development of comprehensive methods such as 
IDEAL (Iterative Decomposition with Echo Asymmetry and Least squares) (Reeder et al., 
2007). IDEAL is a generalization of the multi-echo Dixon model (a three to six-point Dixon 
approach) and has been successfully demonstrated at both 1.5 and 3.0 Tesla. At both field 
strengths, IDEAL is robust to B0 inhomogeneity, addresses water-fat signal ambiguity such 
that percent fat fractions can be determined across the 0–100% range without ambiguity 
(Bernard et al., 2008; Hines et al., 2009), accounts for T1 and T2 relaxation of water and fat 
(Bydder et al., 2008; Chebrolu et al., 2010; Liu et al., 2007), and models the multiple peaks of 
fat with an accurate spectrum (Hernando et al., 2010; Yu et al., 2008). The latter is a critical 
methodological advancement in accurate ectopic fat quantification (percent organ fat 
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fraction) as it accounts for nearly all of the minor fat spectral peaks in addition to the 
primary methylene peak. A single IDEAL acquisition yields not only reconstructed fat-only 
and water-only images and accurate fat fraction maps [F/(F+W)], but also IP and OP series 
that are useful for anatomical definition. IDEAL has been rigorously validated against MRS 
and other CSI methods in the liver (Hu et al., 2010; Reeder et al., 2009; Reeder & Sirlin, 2010; 
Meisamy et al. 2011). IDEAL and its variants have been used to study brown and white 
adipose tissues (Hu et al., 2010) and fat accumulation in the heart (Kellman et al., 2010). 
IDEAL is a patented and proprietary software that is commercially available from GE 
Healthcare. Figures 12-14 highlight the robustness and utility of IDEAL in visualizing and 
quantifying tissue fat fraction and organ fat content.  
 

 
Fig. 13. IDEAL fat fraction (FF) MRI. (a) IDEAL-reconstructed water-only, fat-only, and 
colorized FF maps of the liver in three subjects are shown. Same color bar as Fig. 12. It is 
evident that the three subjects have varying degrees of fat accumulation in the liver, 
beginning with a low 3% in the top case (dark purple), to approximately 23% in the middle 
case (dark blue), to more than 40% (light blue, green) in the lower case. Note also greater 
SAT volumes in the middle and lower cases. (b) Excellent correlation in hepatic FF was 
achieved between IDEAL MRI and reference MRS (n=31). The identity line is in gray. 
 

 
Fig. 14. IDEAL fat fraction (FF) MRI. (a, b) IDEAL-reconstructed FF maps of the liver in two 
subjects, shown in the coronal orientation. The 3D nature of IDEAL data facilitates 
visualization of the FF map from any perspective. Same color bar as Fig. 12. Note that SAT 
and VAT distributions can be clearly seen, along with varying degrees of fat accumulation 
in the liver. (c, d) Two examples of pancreas (red outline), with an average 11% and 5.1% 
percent FF within the traced regions, respectively. 
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Fig. 15. Data from a cohort of age- and BMI-matched Hispanics and African Americans 
(n=13 in each group) using IDEAL MRI. Hispanics have significantly higher hepatic fat 
fractions (HFF) and slightly higher pancreatic fat fractions (not significant) than African 
Americans. However, the two groups have similar abdominal adipose tissue volumes. Due 
to their high HFFs, Hispanics are likely at a greater risk of obesity-related comorbidities.  

At the University of Southern California, 3D IDEAL-MRI has been developed into a routine 
protocol and has been used by investigators to assess abdominal subcutaneous and visceral 
adipose tissue depot volumes and hepatic and pancreatic fat fraction in adolescents. The 
center has focused on comparing and contrasting these quantitative measures between 
genders and ethnicities. Figure 15 showcases results from a pilot study. 
In summary, MR imaging and spectroscopy provide sensitive methods for detecting and 
quantifying adipose tissue volumes and ectopic fat fractions. Table 1 summarizes these 
methodologies and their principles. The quantitative fat endpoints achievable with each 
method are also listed. The reader is referred to three extensive review articles for additional 
details (Bley, 2010; Cassidy et al, 2009; Ma, 2008).  
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Table 1. Summary of MR imaging and spectroscopy methods for fat quantification. 
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4. Image analysis 
In this section, procedures for extracting adipose tissue volumes and organ fat fractions 
from abdominal MRI data are discussed and illustrated using SliceOmatic software. The 
materials are presented in the context of abdominal imaging, but can be easily translated to 
other anatomies. The workflow for extracting fat measures from MRI data remains a 
daunting and costly task. It requires substantial data post-processing and analysis by an 
experienced operator. The steps involve the transfer of images to an offline workstation, 
followed by the use of dedicated software that typically require user involvement 
(Bonekamp et al., 2008). Free packages such as ImageJ, Osirix, and jMRUI (Naressi et al., 
2001) and commercial programs such as SliceOmatic (Tomovision, Inc.), Analyze 
(AnalyzeDirect, Inc.) and Matlab (The Mathworks, Inc.) are commonly used for MRS 
analysis and image segmentation. Based on the author’s experience, post-processing of a 3D 
abdominal MRI volume consisting of 60-80 slices can take approximately 45–60 minutes.  

4.1 Subcutaneous and visceral adipose tissue 
Since adipose tissue (SAT and VAT) is composed primarily of fat and its composition can be 
quite uniform, their identification and quantification in T1-weighted, frequency-selective, 
and CSI data is straightforward. Single-voxel MRS can not be used since it does not provide 
anatomical data. For T1 and frequency-selective approaches, a binary threshold is applied to 
the signal intensity of each voxel. Since fat is brighter, those voxels with intensities greater 
than the threshold are labeled as fat while those with lower intensities are excluded. Due to 
intensity variations that may arise across the image, the local threshold may need to be 
adjusted accordingly from region to region (Fig. 16). For CSI, the analysis can utilize the fat-
only images and apply a similar threshold procedure. Alternatively, the analysis can exploit 
the fat fraction map where the signal intensity range is consistently fixed from 0–100%. Only 
voxels with fat fractions greater than a set value (e.g. 85%) are labeled as fat (Fig. 17).  
 

 
Fig. 16. Segmentation of SAT (red) and VAT (green) depots. Note the evident difference in 
VAT quantity between the two subjects. T1-weighted images are shown. Arrows highlight 
artificial bright intensities caused by close proximity of the anatomy to receiver coils.  

Regardless of the MRI technique, the operator usually needs to delineate the intra-
abdominal boundary that separates SAT and VAT and the perimeter of the abdomen to 
exclude background air during segmentation. Additional exclusions of bowel contents, 
inter- and intra- muscular fat, spine and vertebrae, blood vessels, and other non-relevant 
structures are also required since some of these can have signal intensities that mimic fat. An 
area or volume measure is then computed for 2D multi-slice and contiguous 3D data based 
on the identified fat pixels/voxels, respectively. With the exception of CSI fat fraction data 
that is always normalized between 0% and 100%, the operator must determine suitable 
thresholds on a subject-to-subject basis. This is necessary since signal intensities vary across 
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anatomy, subjects, examinations, and equipment and is usually not consistent. In 
SliceOmatic and Analyze, the operator has control over a sliding threshold and an interface 
that provides real time visual feedback on the performance of the chosen threshold. 
 

 
Fig. 17. IDEAL-based segmentation from two subjects, one with a fatty (top row) and one 
with a non-fatty (bottom row) liver. Water-only, fat fraction (0% black, 100% white) and 
overlay of segmentation (red: SAT, green: VAT, blue: liver) are shown in the left, middle, 
and right columns, respectively. The fuzzy noisy background in the fat fraction images has 
not been removed. In the fatty liver subject, note that hepatic vessels and the gall bladder 
(blue arrows) are well delineated in both water and fat fraction images, whereas in the non-
fatty liver subject, such structures are only observable in the water image. Note that 
segmentation labels of the liver exclude these non-liver structures. VAT labels do not 
include erroneous signals from empty bowels (green arrows). 

4.2 Ectopic fat 
Ectopic fat quantification requires approaches that can separate water and fat signals within 
each voxel. Fat accumulation in organs and muscles can also be heterogenous. Therefore, the 
aforementioned binary threshold approach of “all fat” or “no fat” voxel classification is 
inadequate and only CSI methods are appropriate. Rather than measuring area or volume, a 
fraction of water and fat is computed. For MRS, the areas under the water and fat peaks can 
be calculated with software such as jMRUI. The MRS fat fraction is defined as the ratio of 
area under the fat peaks to the combined area of the water and fat peaks. CSI provides a fat 
fraction map across the imaging volume. The map is computed from the ratio of the 
reconstructed fat-only images to the sum of the water and fat images. To determine the fat 
fraction at a particular location, the operator simply draws a region-of-interest (ROI). The 
mean and standard deviation within the ROI is then computed. To quantify an organ, the 
operator must perform manual segmentation. Unlike single-voxel MRS, a volumetric fat 
fraction map affords immense flexibility. One can determine the average fat fraction across 
arbitrary ROI, including different lobes of the liver and the head and the tail of the pancreas. 
For accurate fat fractions, operator expertise is required for drawing ROIs and segmenting 
organs. In some cases, the fat fraction signal contrast surrounding abdominal organs may be 
poor, limiting an operator’s ability to directly segment structures from the fat fraction maps 
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and visualize organ-muscle boundaries. This is particularly true for liver, pancreas, and 
kidneys with low fat content that appear visually similar to surrounding muscles. In these 
instances, the water-only, fat-only, in-phase, and out-of-phase data are used to provide 
anatomical landmarks and guide the segmentation. The operator can first segment from 
these images and transfer the ROIs to the corresponding fat fraction data (Fig. 18). The 
analysis of organ fat can account for more than 70% of post-processing time. The pancreas 
and the kidneys are also in close proximity to fat-rich VAT depots. An inaccurately drawn 
ROI meant to enclose only the organs may contain erroneous VAT voxels. In such cases, the 
high VAT fat fractions will significantly impact the apparent measured organ fat fraction.  
In summary, post-processing by a trained operator is needed for computing quantitative fat 
endpoints. For SAT and VAT volumes, strong tissue contrast can facilitate intensity-based 
thresholding. The measurement of ectopic fat requires MRS and CSI. Manual segmentation 
demands familiarity with software and anatomy, as well as significant operator input.  
 

 
Fig. 18. Manual image segmentation from the full spectrum of IDEAL MRI data to delineate 
red: SAT, green: VAT, blue: liver, yellow: pancreas, purple: kidneys. Left to right: water-
only, fat-only, in-phase, out-of-phase, fat fraction, and segmented labels from SliceOmatic. 

5. Discussion 
An investigator has several choices in MRI methods for body and organ fat assessment. In 
addition to selecting the appropriate technique, one must also consider tradeoffs between 
spatial resolution, scan time, and the need for breath-holds to minimize subject motion (Fig. 
19). For MRS, 1–8 cm3 voxels are commonly used. MRS requires a large voxel and several 
signal averages to yield a clean spectrum. Prescription of MRS voxels during an examination 
requires operator expertise such that placement of the voxel does not contain any undesired 
tissues. Motion from the subject or shifting of organs due to respiration or peristalsis after 
voxel placement can lead to spatial misalignments and unrealistic measurements (Hu et al., 
2010). Respiration should be monitored with a bellows transducer for data synchronization. 
Alternatively, multiple and consistent breath-holds can be used with clear instructions given to 
the patient. In practice, these MRS approaches may not be possible in subjects with a large 
abdominal circumference or who have difficulties with breath-holds.  
Resolutions for imaging approaches are on the order of millimeters. While small voxels 
are desirable for visualizing anatomical detail, it leads to increased scan times and lowers 
image signal-to-noise ratio. Long scan times also increase the risk of motion and blurring 
artifacts. In CSI, blurring artifacts from respiration can further cause unrealistic fat 
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(blue arrows) are well delineated in both water and fat fraction images, whereas in the non-
fatty liver subject, such structures are only observable in the water image. Note that 
segmentation labels of the liver exclude these non-liver structures. VAT labels do not 
include erroneous signals from empty bowels (green arrows). 
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fraction at a particular location, the operator simply draws a region-of-interest (ROI). The 
mean and standard deviation within the ROI is then computed. To quantify an organ, the 
operator must perform manual segmentation. Unlike single-voxel MRS, a volumetric fat 
fraction map affords immense flexibility. One can determine the average fat fraction across 
arbitrary ROI, including different lobes of the liver and the head and the tail of the pancreas. 
For accurate fat fractions, operator expertise is required for drawing ROIs and segmenting 
organs. In some cases, the fat fraction signal contrast surrounding abdominal organs may be 
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and visualize organ-muscle boundaries. This is particularly true for liver, pancreas, and 
kidneys with low fat content that appear visually similar to surrounding muscles. In these 
instances, the water-only, fat-only, in-phase, and out-of-phase data are used to provide 
anatomical landmarks and guide the segmentation. The operator can first segment from 
these images and transfer the ROIs to the corresponding fat fraction data (Fig. 18). The 
analysis of organ fat can account for more than 70% of post-processing time. The pancreas 
and the kidneys are also in close proximity to fat-rich VAT depots. An inaccurately drawn 
ROI meant to enclose only the organs may contain erroneous VAT voxels. In such cases, the 
high VAT fat fractions will significantly impact the apparent measured organ fat fraction.  
In summary, post-processing by a trained operator is needed for computing quantitative fat 
endpoints. For SAT and VAT volumes, strong tissue contrast can facilitate intensity-based 
thresholding. The measurement of ectopic fat requires MRS and CSI. Manual segmentation 
demands familiarity with software and anatomy, as well as significant operator input.  
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only, fat-only, in-phase, out-of-phase, fat fraction, and segmented labels from SliceOmatic. 
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spatial resolution, scan time, and the need for breath-holds to minimize subject motion (Fig. 
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signal averages to yield a clean spectrum. Prescription of MRS voxels during an examination 
requires operator expertise such that placement of the voxel does not contain any undesired 
tissues. Motion from the subject or shifting of organs due to respiration or peristalsis after 
voxel placement can lead to spatial misalignments and unrealistic measurements (Hu et al., 
2010). Respiration should be monitored with a bellows transducer for data synchronization. 
Alternatively, multiple and consistent breath-holds can be used with clear instructions given to 
the patient. In practice, these MRS approaches may not be possible in subjects with a large 
abdominal circumference or who have difficulties with breath-holds.  
Resolutions for imaging approaches are on the order of millimeters. While small voxels 
are desirable for visualizing anatomical detail, it leads to increased scan times and lowers 
image signal-to-noise ratio. Long scan times also increase the risk of motion and blurring 
artifacts. In CSI, blurring artifacts from respiration can further cause unrealistic fat 
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fraction distributions within organs and at organ-fat interfaces. High spatial resolution 
scans also necessitate breath-holding, which may not be well-tolerated by children, 
uncooperative or obese subjects. Spatial resolution is determined by the FOV and the 
acquisition matrix, the number of slices, the slice thickness, and the inter-slice gap, if any. 
These parameters are freely chosen by the operator, can impact scan time, and are 
dependent on body habitus.  
 

 
Fig. 19. Practical imaging parameters and considerations in MRI. In designing an 
appropriate protocol, one must consider the desired quantitative endpoints and leverage 
spatial resolution, scan time, patient safety, and the need for breath-holding. Image pair 
shows a slice of the liver in the same subject with (left) and without breath-holding (right). 

The investigator and operator must also choose between 2D multi-slice or 3D volumetric 
pulse sequences. With 2D techniques, data are acquired on a slice-by-slice format such that 
data obtained for one slice is independent of any other slice. Subject motion and artifacts are 
generally not an issue in 2D methods. The time needed to acquire each slice is very short, 
requiring sub-seconds to a few seconds. The technique also allows the operator to specify a 
gap between non-contiguous adjacent slices. While this appears attractive in terms of scan 
efficiency, large inter-slice gaps and thick (~10 mm) slices can lead to partial volume errors 
and impact quantitative accuracy, especially in SAT and VAT depots. They are also difficult 
to generate subsequent 3D rendered visualizations (Fig. 20).  
 

 
Fig. 20. Volume-rendered IDEAL MRI fat series, illustrating the contiguous 3D data set. The 
volume consists of 36 native 5-mm axial slices, obtained with three 15-sec breath-holds.  

In contrast, 3D approaches acquire data that represent the entire volume. Volumetric 
imaging implies contiguous coverage and no inter-slice gaps. Given similar imaging 
parameters and coverage, 3D protocols often contain more slices, have longer scan times, 
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and are more susceptible to motion than 2D approaches. However, since signals arise from a 
larger volume rather than a smaller slice, 3D methods exhibit greater signal-to-noise ratios. 
Breath-holding or respiratory gating is often required for abdominal 3D sequences. Three-
dimensional approaches also offer intrinsic advantages over 2D methods, such as greater 
parallel imaging acceleration rates and more robust parallel imaging performance to reduce 
scan time. Parallel imaging is a topic beyond the scope of this chapter, and the reader is 
referred to the literature for details (Margolis et al., 2004). Other 3D benefits include thinner 
slices (sub-millimeter) and the ability to accommodating preparatory RF pulses that further 
enhance T1 and fat to lean tissue contrast. 
Lastly, for a given set of spatial resolutions and imaging parameters used in abdominal 
imaging, scan times in T1-weighted, frequency-selective, MRS, and CSI approaches should 
be comparable between 1.5 and 3 Tesla protocols. In some instances, safety and RF tissue 
heating limits may lengthen 3 Tesla protocol durations over their 1.5 Tesla counterparts. At 
higher B0 field strengths, greater chemical shift differences can also cause CSI sequences to 
increase in scan time due to shorter in-phase and out-of-phase echo periodicities. 
In the literature, 2–4 mm in-plane resolution and a slice thickness between 5–10 mm have 
been reported for SAT and VAT quantification. For 2D multi-slice approaches inter-slice 
gaps as wide as 10 mm have been reported. Since the determination of volumes rely on 
thresholding and an “all fat” or “no fat” labeling each voxel, any incorrect labeling can lead 
to substantial quantification errors when using large voxels. Large voxels also generate 
partial volume effects where many can encompass both fat and lean tissues. These voxels 
exhibit ambiguous signal intensities that can cause threshold errors. Similarly, low spatial 
resolution and thick slices containing both organ and adjacent fat can exhibit unrealistic CSI 
fat fractions. There has been a transition in recent studies to adopt contiguous 2D multi-slice 
approaches with thin slices (Siegel et al., 2007) and 3D protocols (Berglund et al., 2010; 
Bornert et al., 2007; Kullberg et al., 2009). 
For final consideration, modern MRI platforms are equipped with receiver arrays designed 
specifically for abdominal imaging. The array is strapped to the subject to provide high 
signal-to-noise ratios. However, they also create signal intensity variations across the 
imaging volume. If possible, these variations should be corrected with software from MRI 
vendors prior to image analysis. One attractive feature of CSI fat fraction maps is that they 
are generated as a ratio of water and fat images. While the individual source images may 
exhibit signal variations, their ratio removes the bias. The use of arrays may be limited in 
obese subjects as they are unable to fit within the magnet bore with the receivers strapped. 

6. Future directions and conclusion 
The design of appropriate MRI protocols for fat assessment requires considerations of the 
desired quantitative endpoints and tradeoffs in the imaging parameters. Other practical 
issues include body sizes of the cohort and the cost and throughput efficiency of the study. 
The usage cost associated with MRI can range from $300 to $600 per hour in a typical clinical 
radiology department. Regardless of the study, overhead time is always required for setup 
and for giving instructions to the subject. T1-weighted and frequency-selective approaches 
are very fast and typically require only a few seconds per slice for data acquisition. Whole-
abdomen coverage with these sequences takes only a few minutes of actual scan time and is 
generally considered as a first option for SAT and VAT quantification. In our experience, 
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fraction distributions within organs and at organ-fat interfaces. High spatial resolution 
scans also necessitate breath-holding, which may not be well-tolerated by children, 
uncooperative or obese subjects. Spatial resolution is determined by the FOV and the 
acquisition matrix, the number of slices, the slice thickness, and the inter-slice gap, if any. 
These parameters are freely chosen by the operator, can impact scan time, and are 
dependent on body habitus.  
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shows a slice of the liver in the same subject with (left) and without breath-holding (right). 
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gap between non-contiguous adjacent slices. While this appears attractive in terms of scan 
efficiency, large inter-slice gaps and thick (~10 mm) slices can lead to partial volume errors 
and impact quantitative accuracy, especially in SAT and VAT depots. They are also difficult 
to generate subsequent 3D rendered visualizations (Fig. 20).  
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volume consists of 36 native 5-mm axial slices, obtained with three 15-sec breath-holds.  

In contrast, 3D approaches acquire data that represent the entire volume. Volumetric 
imaging implies contiguous coverage and no inter-slice gaps. Given similar imaging 
parameters and coverage, 3D protocols often contain more slices, have longer scan times, 
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and are more susceptible to motion than 2D approaches. However, since signals arise from a 
larger volume rather than a smaller slice, 3D methods exhibit greater signal-to-noise ratios. 
Breath-holding or respiratory gating is often required for abdominal 3D sequences. Three-
dimensional approaches also offer intrinsic advantages over 2D methods, such as greater 
parallel imaging acceleration rates and more robust parallel imaging performance to reduce 
scan time. Parallel imaging is a topic beyond the scope of this chapter, and the reader is 
referred to the literature for details (Margolis et al., 2004). Other 3D benefits include thinner 
slices (sub-millimeter) and the ability to accommodating preparatory RF pulses that further 
enhance T1 and fat to lean tissue contrast. 
Lastly, for a given set of spatial resolutions and imaging parameters used in abdominal 
imaging, scan times in T1-weighted, frequency-selective, MRS, and CSI approaches should 
be comparable between 1.5 and 3 Tesla protocols. In some instances, safety and RF tissue 
heating limits may lengthen 3 Tesla protocol durations over their 1.5 Tesla counterparts. At 
higher B0 field strengths, greater chemical shift differences can also cause CSI sequences to 
increase in scan time due to shorter in-phase and out-of-phase echo periodicities. 
In the literature, 2–4 mm in-plane resolution and a slice thickness between 5–10 mm have 
been reported for SAT and VAT quantification. For 2D multi-slice approaches inter-slice 
gaps as wide as 10 mm have been reported. Since the determination of volumes rely on 
thresholding and an “all fat” or “no fat” labeling each voxel, any incorrect labeling can lead 
to substantial quantification errors when using large voxels. Large voxels also generate 
partial volume effects where many can encompass both fat and lean tissues. These voxels 
exhibit ambiguous signal intensities that can cause threshold errors. Similarly, low spatial 
resolution and thick slices containing both organ and adjacent fat can exhibit unrealistic CSI 
fat fractions. There has been a transition in recent studies to adopt contiguous 2D multi-slice 
approaches with thin slices (Siegel et al., 2007) and 3D protocols (Berglund et al., 2010; 
Bornert et al., 2007; Kullberg et al., 2009). 
For final consideration, modern MRI platforms are equipped with receiver arrays designed 
specifically for abdominal imaging. The array is strapped to the subject to provide high 
signal-to-noise ratios. However, they also create signal intensity variations across the 
imaging volume. If possible, these variations should be corrected with software from MRI 
vendors prior to image analysis. One attractive feature of CSI fat fraction maps is that they 
are generated as a ratio of water and fat images. While the individual source images may 
exhibit signal variations, their ratio removes the bias. The use of arrays may be limited in 
obese subjects as they are unable to fit within the magnet bore with the receivers strapped. 

6. Future directions and conclusion 
The design of appropriate MRI protocols for fat assessment requires considerations of the 
desired quantitative endpoints and tradeoffs in the imaging parameters. Other practical 
issues include body sizes of the cohort and the cost and throughput efficiency of the study. 
The usage cost associated with MRI can range from $300 to $600 per hour in a typical clinical 
radiology department. Regardless of the study, overhead time is always required for setup 
and for giving instructions to the subject. T1-weighted and frequency-selective approaches 
are very fast and typically require only a few seconds per slice for data acquisition. Whole-
abdomen coverage with these sequences takes only a few minutes of actual scan time and is 
generally considered as a first option for SAT and VAT quantification. In our experience, 
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utilizing only these sequences, an exam can be comfortably completed in 10 minutes. If 
ectopic fat fractions are needed, either a MRS or CSI protocol is then added. The MRS 
sequence necessitates significant user interaction, preparation work, and operator time. In 
our experience, MRS per single voxel takes approximately 5 minutes. The further addition 
of a 3D whole-abdomen CSI protocol such as IDEAL will require 5–7 more breath-holds, 
bringing the total examination time from setup to patient removal to 30–45 minutes. 
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Table 2. Percent difference in segmented volumes of fat depots and organs in two scenarios, 
as part of routine quality control performed at our institution. In the first, a single operator 
segmented 11 data sets, each 4 times, in random order. In the second, two independent 
operators, in a blinded format, segmented 7 data sets in random order. Note that the mean 
differences are all less than 2%, signifying excellent segmentation consistency. 

Despite its rapid growth, MRI remains an untapped resource in obesity research and has not 
yet reached its full potential. Many opportunities remain for future investigation. Several 
groups have recognized the time-consuming and labor-intensive work involved with 
manual image segmentation. This can be daunting in longitudinal studies, as the process 
must be performed for every scan at multiple time points across the same subject. Efficient 
semi-automated and automated algorithms have been proposed, but are usually limited to 
in-house usage (Armao et al., 2006; Demerath et al., 2007; Kullberg et al., 2010; Peng et al., 
2007; Positano et al., 2004; Wilhelm Poll et al., 2003). Techniques that can automatically 
segment adipose tissue and organs from a subject’s MRI data at subsequent time points 
while utilizing a priori information from the same subject’s baseline segmentations are being 
explored. The capability of achieving rapid intra-subject 3D registration, segmentation, and 
quantification will provide investigators with detailed person-specific information reflecting 
the temporal change in fat distribution and volumes in response to intervention. Such 
capability will also exploit the richness of 3D MRI that is unavailable in gapped 2D multi-
slice data. Quality control will be essential in assuring consistency and accuracy. Fat 
measurements should be routinely validated against phantoms, between multiple blinded 
observers, and between manual and automated segmentations (Table 2). There are only a 
few literature reports describing the accuracy and repeatability of quantitative fat MRI. 
In conclusion, MRI is the most powerful and comprehensive imaging tool for fat 
quantification. With CSI methods, recent studies are beginning to demonstrate their 
usefulness and investigators are exploring new fat biomarkers and associations in obesity 
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with MRI that were previously untapped. This chapter has provided introductory materials 
for investigators to survey, understand, and integrate MRI into their studies. 
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sequence necessitates significant user interaction, preparation work, and operator time. In 
our experience, MRS per single voxel takes approximately 5 minutes. The further addition 
of a 3D whole-abdomen CSI protocol such as IDEAL will require 5–7 more breath-holds, 
bringing the total examination time from setup to patient removal to 30–45 minutes. 
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as part of routine quality control performed at our institution. In the first, a single operator 
segmented 11 data sets, each 4 times, in random order. In the second, two independent 
operators, in a blinded format, segmented 7 data sets in random order. Note that the mean 
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segment adipose tissue and organs from a subject’s MRI data at subsequent time points 
while utilizing a priori information from the same subject’s baseline segmentations are being 
explored. The capability of achieving rapid intra-subject 3D registration, segmentation, and 
quantification will provide investigators with detailed person-specific information reflecting 
the temporal change in fat distribution and volumes in response to intervention. Such 
capability will also exploit the richness of 3D MRI that is unavailable in gapped 2D multi-
slice data. Quality control will be essential in assuring consistency and accuracy. Fat 
measurements should be routinely validated against phantoms, between multiple blinded 
observers, and between manual and automated segmentations (Table 2). There are only a 
few literature reports describing the accuracy and repeatability of quantitative fat MRI. 
In conclusion, MRI is the most powerful and comprehensive imaging tool for fat 
quantification. With CSI methods, recent studies are beginning to demonstrate their 
usefulness and investigators are exploring new fat biomarkers and associations in obesity 
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with MRI that were previously untapped. This chapter has provided introductory materials 
for investigators to survey, understand, and integrate MRI into their studies. 
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1. Introduction 
Nonalcoholic fatty liver disease (NAFLD), which includes nonalcoholic steatosis and 
nonalcoholic steato- hepatitis (NASH), describes the clinicopathologic spectrum of alcohol-
like liver disease in the nonalcoholic [Ludwig et al 1980]. 
Although it may be observed as an iatrogenic complication (due to drugs or anti-obesity 
surgery) or secondary to various other conditions (toxins, lipodystrophic syndromes, 
hypobetalipoproteinemia), NAFLD most commonly occurs as a primary (idiopathic) 
disease. 
The clinical importance of primary NAFLD appears to rest on three main observations: 
• It commonly occurs in the general population worldwide and among patients 

presenting with unexplained mild to moderate raised aminotransferase levels . 
• It is not a sign or symptom of disease but it is a pathological condition that has the 

potential to progress to advanced hepatic and extrahepatic disease ,and to interact with 
other etiologies of liver disease . 

• It may recur following orthotopic liver transplantation and poses a heavy burden of 
complications in the setting of major extrahepatic and liver-related surgery . 

2. Reported risk factors 
The conventional risk factors for the development of primary NAFLD include type II 
diabetes, insulin resistance, hyperlipidemia and obesity (Mezey,1998). NAFLD typically 
affects 50% of diabetics and 76% of obese patients (Bellantini et al 2000;Gupte et al.2004), 
and is the most common of all liver diseases. However, the prevalence of NASH is 
substantially less, affecting 18.5% of obese patients. 
Other traditional risk factors include hyperuricemia, central obesity defined as waist 
circumference greater than 100 cm in males and greater than 88 cm in females, and 
hypertension. 
Secondary causes of NAFLD include nutrition-related complications, such as total 
parenteral nutrition, rapid weight loss, and intestinal jejunoileal bypass surgery. Common 
causes of Steatosis is mention in Table.1.  
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causes of Steatosis is mention in Table.1.  
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Nonalcoholic fatty liver disease 

Alcohol 

Drugs—estrogens, coumadin, tamoxifen, valproic acid, methotrexate, isoniazid, 
corticosteroids, vitamin A, troglitazone, l-asparaginase, amiodarone, perhexiline, calcium 
channel blockers, nucleoside analogues 

Hepatitis C (genotype 3) 

Nutritional factors—rapid weight loss, total parenteral nutrition 

Surgical considerations—gastrointestinal surgery for obesity, extensive small-bowel 
resection 

Metabolic disorders—cystic fibrosis, abetalipoproteinemia, others 

Syndromes associated with obesity, insulin resistance—lipodystrophies, hypopituitarism, 
Prader-Willi syndrome 

Table 1. Conditions Associated With Macrovesicular Steatosis 

Certain drugs are associated with NAFLD.  Metabolic syndromes and pregnancy-related 
fatty liver diseases are also some of the secondary causes of NAFLD. Patients with normal 
body mass index (BMI) may develop NAFLD even in the absence of traditional risk factors. 
It is thought that the primary abnormality may be occult insulin resistance or central 
adiposity (Lee et al.1998). 
The natural history of NAFLD still remains poorly defined. Mortality among NAFLD 
patients approaches 13%, which is greater than age- and sex-matched controls (6). Because 
these patients often have features of the metabolic syndrome, they are at high risk for 
cardiac-related death. Hence, both ischemic heart disease and malignancy are the leading 
causes of death in patients with NAFLD. However, liver disease is the third most common 
cause of mortality in this population, accounting for 13% of all deaths. This is significantly 
different than patients without NAFLD, in whom liver-related causes of mortality account 
for less than 1% of all deaths (Adams et al 2005). Clinical predictors of more advanced 
disease include people with diabetes, hypertriglyceridemia (Caldwell et al.1999) and those 
older than 40 years of age. Table.2. outlines the diagnostic criteria for NAFLD. 
 

Parameter Value 
Impaired glucose tolerance Fasting blood glucose l vel ≥110 mg/dL(5.6mmol/L) 
High blood pressure ≥130/85 mm Hg 
Elevated triglyceride levels >250 mg/dL(1.7mmol/L) 
Low high-density lipoprotein
level 

<40 mg/dL (1.00mmol/L)for men; <50 mg/dL(1.3mmol/L)
for women 

Abdominal obe ity Waist: >102 cm (40 inches  for men; >88 cm (35 inches) for 
women 

 

Table 2. Diagnostic Criteria for the Metabolic Syndrome: Presence of Two or More of the 
Following Parameters 
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3. Diagnosis 
Most patients with NAFLD are asymptomatic or suffer from nonspecific symptoms and 
signs such as fatigue, malaise or right upper quadrant pain. In most cases, the diagnosis is 
suspected in the context of the appropriate risk factor profile and incidental elevation of 
transaminases. Levels of aspartate aminotransferase and alanine aminotransferase are 
modestly elevated, although the ratio of aspartate aminotransferase to alanine 
aminotransferase is less than one, distinguishing NAFLD patients from those with alcohol-
induced liver disease (Bacon et al.1994).  
The International Federation of Clinical Chemistry and Laboratory Medicine established in 
2002 a reference system for the measurement of enzyme activity of clinically important 
enzymes, including ALT, to be measured at 37 °C 23. Levels of 10-45 U/l are considered as 
normal, although reference values may still vary among laboratories.  
The degree of elevation of transaminases does not reflect the underlying severity of the 
disease. The diagnosis of NAFLD can be suspected on the basis of radiological imaging such 
as ultrasound or magnetic resonance imaging. 
However, the sensitivity of these modalities is low and often there is a significant degree of 
interobserver variability. A minimum of 30% of hepatocytes needs to be infiltrated by 
steatosis for the imaging techniques to detect fatty liver (Saadeh et al.2002). 
Currently, the only method of distinguishing simple steatosis from NASH is the liver 
biopsy. Brunt et al (1999) proposed a grading and staging system for NASH. Grade 1 reveals 
mild steatosis, predominantly macrovesicular with minimal ballooning of hepatocytes and 
minimal inflammation. Grade 2 shows moderate steatosis, usually mixed macrovesicular 
and microvesicular with ballooning present in zone 3 hepatocytes, and some lobular 
inflammation. Grade 3 shows all the features of grade 2 plus the additional requirement of 
portalinflammation. Staging requires the presence of Masson trichrome stain. Stage 1 reveals 
zone 3 perivenular, perisinusoidal fibrosis, either focal or extensive. Stage 2 requires the 
features of stage 1, plus focal or extensive portal fibrosis. Stage 3, shows bridging fibrosis 
and stage 4 reveals cirrhosis with or without perisinusoidal fibrosis. 

4. Pathogenesis 
The progression from simple steatosis to steatohepatitis, fibrosis and cirrhosis is thought to 
be a two-hit hypothesis. 

4.1 First hit 
The first hit results in fat accumulation within the liver parenchyma. This occurs in 
abnormalities during uptake, synthesis and secretion of lipids resulting primarily from 
insulin resistance, which is quite common in patients with NAFLD (Marchesni et al.2001). 
Insulin resistance is often a primary abnormality in patients with NAFLD. There is often a 
genetic predisposition to insulin resistance, even in the absence of frank diabetes. Twenty 
per cent of the nondiabetic population may exhibit insulin resistance. Patients that exhibit 
more pronounced levels of insulin resistance exhibit a greater degree of steatosis (Angelico 
et al.2005). Central adiposity may contribute to the flow of excess free fatty acids (FFAs) to 
the liver by providing a direct route through the portal vein (Scheen and Luyckx. 2002). 
Patients with NAFLD often have risk factors such as type II diabetes, hyperlipidemia, 
hypertension and obesity, which are part of the insulin resistance syndrome. 
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hypertension and obesity, which are part of the insulin resistance syndrome. 



 
Role of the Adipocyte in Development of Type 2 Diabetes 

 

244 

Hyperinsulinemia promotes lipolysis in the adipocyte, resulting in increased FFAs delivered 
to the liver. In the hepatocyte, FFAs stimulate synthesis of more FFAs and inhibit oxidation 
of FFAs (Harrison et al.2002). The following figure 1. explains how expanded visceral mass 
leads to increased release of free fatty acids(FFA) from adipose tissue due to insulin 
resistance (IR)..  
 

 
Fig. 1. Expansion of Visceral Fat Mass  May Lead to Dyslipidemia and Insulin Resistance 

The increased flux of free fatty acids into the liver results in the formation and secretion of 
very low density lipoprotein (VLDL)rich in Triglycerides. Inhibition or reduced activity of 
Lipoprotein lipase LPL) results in the distribution and formation of TG rich High density 
lipoprotein and Low density lipoprotein (LDL). Hepatic lipase acts on them to form small 
dense HDL and LDL ( Dyslipidemia). 
Insulin sensitivity is also influenced by peptide mediators, otherwise known as 
adipocytokines, such as tumour necrosis factoralpha (TNF-α), leptin and adiponectin and 
although the mechanisms by which this occurs remain largely unknown, theories are 
suggested. TNF-α influences steatosis by stimulating the release of FFAs from adipocytes 
into the liver.(Fig.2.) 
TNF-α may directly induce apoptosis of hepatocytes promoting activation of hepatic stellate 
cells, stimulating fibrosis (Festi et al.2004). Leptin( Leptin resistance which is considered to 
be one of the possible third hit hypothesis) potentially may stimulate platelet-derived 
growth factor, ultimately leading to hepatic stellate cell proliferation resulting in fibrosis 
(Kejima et al.2005). Adiponectin may have a protective role against fatty liver. Recently it 
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was shown that adiponectin levels were significantly reduced in patients with NAFLD 
compared with controls resulting in an inverse relationship between insulin resistance and 
adiponectin levels (Saargin et al.2005). This observation may result in a future therapeutic 
role in the pharmacological management of NAFLD. 
 

 
Fig. 2. Visceral Fat As a Major Site of Hormone Production, Inflammatory Markers and Its 
Possible Relationship including Type 2 Diabetes 

4.2 Second hit 
The second hit is hepatocellular injury that results from oxidative stress, lipid peroxidation 
and direct cellular toxicity from FFAs (hitture and Farrell 2001). Multiple mechanisms 
regarding hepatocyte injury have been proposed: 
1. Increased expression of cytochrome P450 isoform CYP2E1 has been shown to occur in 

patients with NASH. CYP2E1 is a pro-oxidant, resulting in increased production of 
reactive oxygen species, capable of peroxidizing cell membranes. 

2. Increased insulin leads to peripheral lipolysis resulting in excess fatty acids which 
catalyzes lipid peroxisomes. Peroxisomes are involved in the oxidation process of fatty 
acids. Oxidation, along with binding and export of fatty acids, is the primary method of 
protecting the liver from subsequent damage. 

3. The peroxisome proliferators activated receptor-alpha (PPAR-α) is responsible for 
regulating the esterification and export of fatty acids in very low density lipoprotein, in 
the binding of fatty acids and in mitochondrial and peroxisomal oxidation. Reduced 
expression of PPAR-α may have an important role in the pathogenesis of NASH (Yeon 
et al.2004). 

4. Mitochondrial abnormalities have been described in patients with NASH, but not in 
those with simple steatosis. These mitochondrial abnormalities lead to increased 
mitochondrial fatty acids beta-oxidation, eventually resulting in free radical formation 
hepatocyte injury and steatohepatitis. Patients who are insulin resistant but do not have 
mitochondrial abnormalities may develop fatty liver; however, generally they do not 
progress to steatohepatitis (Sanyal et al.2001). 
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was shown that adiponectin levels were significantly reduced in patients with NAFLD 
compared with controls resulting in an inverse relationship between insulin resistance and 
adiponectin levels (Saargin et al.2005). This observation may result in a future therapeutic 
role in the pharmacological management of NAFLD. 
 

 
Fig. 2. Visceral Fat As a Major Site of Hormone Production, Inflammatory Markers and Its 
Possible Relationship including Type 2 Diabetes 
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5. Methods of managing the disease 
Currently, management is aimed at lifestyle modification, primarily targeting weight loss 
achieved through dietary modification and exercise. Additionally, treatment of all other 
aspects of the metabolic syndrome must be instituted. Weight loss and exercise both 
improve insulin resistance (Cox et al.2004), which theoretically should improve steatosis. No 
randomized controlled study has been run to evaluate whether histological regression 
occurs in patients with steatohepatitis or fibrosis after weight loss, although case reports and 
open-label studies suggest improvement. Weight loss should not exceed more than 1 kg per 
week, because rapid weight loss can exacerbate steatosis. Similarly very low calorie diets 
that give less than 500 kcal/day and jejunoileal bypass surgery should be avoided as a 
method of weight loss, due to the risk of worsening fibrosis. The recommended target for 
weight loss is 10% of a person’s body weight over a six-month period 
(Angulo,2002).Multiple popular diets exist as methods of weight loss). Some diets are 
founded on years of medical experience, while others have deviated substantially from 
mainstream medical advice The Weight Watchers program is one of the traditional models, 
restricting portion sizes and total calories consumed. Other popular diets include 
carbohydrate restriction without fat restriction (Atkins diet), macronutrient and glycemic 
load modification (Zone diet) and fat restriction (Ornish diet). The following figure gives an 
idea about the distribution of fat in various compartments and the markers that indicate 
these compartments respectively  
 

 
*As a Marker of Fat Measurement in various compartments BMI-Body Mass Index, Waist 
Circumference, Serum Alanine Aminotransferase (ALT) 

Fig. 3. Distribution of Fat 

In obese patients with BMI greater than 35 kg/m2, no significant differences were found 
regarding amount of weight lost at the end of one year (Dansinger et al.2005). Reduction of 
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cardiovascular risk factors correlated with amount of weight loss. Weight loss of 3 kg to 6 kg 
over one year was achieved regardless of type of diet followed. Currently, no data exist 
regarding various types of diets in patients with NASH. 

6. Medications that could induce weight loss 
Medications to reduce weight are not routinely used in the treatment of NAFLD, and have 
not been studied in randomized clinical trials. One case series suggested that orlistat in 
patients with NASH was safe, and showed significant histological improvement in both 
degree of steatohepatitis and fibrosis after six to 12 months of therapy (Harrison et al.2003). 
Orlistat is a reversible inhibitor of gastric and pancreatic lipase, and is one of two agents that 
have been approved for the management of obesity. This medication forms a covalent bond 
with the active serine residue of gastric and pancreatic lipase in the stomach and small 
bowel, blocking the digestion and absorption of dietary triglycerides. Orlistat in 
combination with a controlled energy diet, rather than diet alone, significantly increased 
weight loss in obese adults after one year of therapy (Davidson et al.1999). 
The second approved drug in the management of obesity is sibutramine. Sibutramine was 
evaluated in one nonrandomized study in patients with NASH (Sabuncu et al.2003). 
Sibutramine in combination with a low calorie diet-induced weight loss improved insulin 
resistance and transaminases, as shown by ultrasonographic regression in fatty liver, 
compared with diet alone. It is a noradrenaline-serotonin reuptake inhibitor and produces 
weight loss by a dual mechanism: reduction of food intake and increase in energy 
expenditure. Average weight loss is in the range of 5% to 8% from baseline. Recently, 
rimonabant, a selective cannabinoid-1 receptor blocker, has been shown to improve 
cardiovascular risk factor profile and reduce body weight(Despres et al.2005). Over 1000 
overweight patients with BMIs between 27 kg/m2 and 40 kg/m2 participated in this study 
examining the effects of rimonabant and metabolic risk factors. Mean weight loss was 6.6 kg 
over 12 months at a dose of 20 mg.  
 

 
Fig. 4. WAIST HIP RATIO (WHR) AS A MEASURE OF Visceral Adiposity 

Additionally, waist circumference was reduced, plasma high density lipoprotein levels 
increased, and plasma adiponectin levels were significantly higher in patients receiving 
rimonabant compared with placebo. This medication, and other weight reducing agents, 
may represent future therapeutic options for the pharmacological treatment of obese 
patients with NASH. 
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Certainly, diet should be combined with exercise to initiate and maintain weight loss. 
Exercise will enhance calorie deficit necessary for weight loss. A minimum of 30 min of 
moderate sustained activity five days per week is necessary to gain health benefits from 
exercise (28). Any fitness regimen should include a balance of aerobic exercise,  strength and 
flexibility training 

7. Pharmacotherapy for NAFLD 
Currently, there are no approved pharmacological options for the treatment of NAFLD. 
Only three randomized controlled trials have been conducted to evaluate the efficacy of 
medical treatment in NAFLD (Table 3). The agents studied include antioxidants with 
vitamins E and C in combination, ursodeoxycholic acid and metformin. Although there was 
improvement in liver enzymes and steatosis in the trial evaluating metformin, there was no 
improvement in steatohepatitis or fibrosis at follow-up. The other two trials did not suggest 
any improvement in liver enzymes, steatosis, steatohepatitis or fibrosis. The remaining trials 
performed to date have been observational in design, had small sample size, and have had a 
short follow-up period. The thiazolidinediones are a class of insulin-sensitizing agents used 
to treat type II diabetes. Troglitazone was evaluated in an open-label trial involving 10 
patients for duration of four to six months (Caldwell et al.2001). These patients had 
improvement in transaminases and liver histology. However, this medication was 
subsequently withdrawn from the market due to serious hepatic toxicity. Both rosiglitazone 
(Neuschwander-Tetri et al.2003) and pioglitazone (Promrat et al.2003) have been studied in 
open-label design, and have shown improvement in transaminases, steatosis and fibrosis. 
Recently VSL#3 was shown to lower markers of lipid peroxidation in patients with NASH 
(Loguercico et al.2005). However, larger randomized studies are needed before routine 
recommendation of these agents in the treatment of NASH.  
 

 
Strategy Treatment 

Weight loss Caloric restriction, exercise; sibutramine, orlistat; weight reduction 
surgery 

Insulin-sensitizing 
agents 

Metformin; peroxisome proliferator-activated receptor-gamma 
agonists (thiazolidinedione, rosiglitazone, pioglitazone) 

Lipid-lowering 
drugs Fibrates (gemfibrozil), fish oil 

Antioxidants N-acetylcysteine, vitamin E, betaine 
 

Table. 3. Therapeutic Approaches for Nonalcoholic Fatty Liver Disease 

8. Bariatric surgery 
In the early age of bariatric surgery, jejunoileal bypass was the procedure most commonly 
performed. 
A substantial proportion of patients developed advanced liver disease, presumably from 
bacterial overgrowth and endotoxemia in the bypassed intestine, resulting in bacterial 
translocation and liver disease. However, the jejunoileal bypass surgery has seldom been 
performed in recent years due to the multiple complications arising from this procedure. A 
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recent meta-analysis suggested that surgical therapy for weight loss was superior to other 
methods of weight loss in patients with BMI greater than 40 kg/m2 (Maggard et al.2005). 
This weight loss was sustained for a 10-year follow-up. Although there was a trend toward 
improved weight loss in patients with BMI between 35 kg/m2 and 39 kg/m2 in the 
surgically treated group, the data cannot be considered conclusive. Recently, one study 
evaluated laparascopic surgical weight loss via one of three techniques: roux-en-Y gastric 
bypass laparascopic adjustable gastric band and sleeve gastrectomy in patients with 
established NAFLD and metabolic syndrome. 
Mean BMI was 56 kg/m2 (Mattar et al.2005). Patients had liver biopsies at the time of the 
bariatric surgery followed by a repeat biopsy after 15 months. Mean excess weight loss at 
the time of the second biopsy was 59%. There was a marked improvement in live steatosis, 
steatohepatitis and fibrosis. In fact, in some patients, inflammation and fibrosis completely 
resolved. Additionally, there was improvement in the metabolic risk factor profile. 
Hence, as newer methods of bariatric surgery become more popular, there may be a future 
role for this type of surgery in morbidly obese patients with NASH. 

9. Whether liver biopsy is mandatory? 
Often, NAFLD is a diagnosis of exclusion. Patients are given advice regarding lifestyle 
modifications and re-evaluated clinically and biochemically several months later in routine 
follow-up. This may be a reasonable approach for the time being because there are no 
effective medications in the treatment of NAFLD. However, as pharmacotherapy becomes 
an option in the future, this line of thought may need to be revised. The distinction between 
pure fatty change and steatohepatitis can only be made histologically. This distinction is 
important because NAFLD has a benign prognosis, whereas NASH progresses toward 
cirrhosis. Because of the risk of NASH in patients suspected to have fatty liver, it could be 
argued that all patients should be offered a liver biopsy to stage the disease. However, in 
terms of logistics, cost and side effects, this may not be possible. Hence, it is reasonable to 
biopsy patients with risk factors for more advanced disease such as advancing age, obesity, 
hypertension and diabetes mellitus. Additionally, the liver biopsy may occasionally reveal 
unsuspected abnormalities indicating an alternate or additional diagnosis to fatty 
liver(Younossi, 2008). 

10. Conclusions 
Obesity epidemic is a global phenomena carrying with the risk of precipitating insulin 
resistant states including NAFLD which is shown to be on the rise. The primary abnormality 
for NAFLD reported is that of intrinsic insulin resistance. Therefore NAFLD could be one of 
the risk factors for the development of Type II Diabetes (Guido et al.2011). There seems to be 
no approved  pharmacological therapies for the treatment of NASH. The major suggested 
treatment continues to be weight loss therapy through diet and exercise, and aggressive risk 
factor control.  
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1. Introduction 
Diabetes remains a fascinating condition to observe and treat, at least for the authors. The 
rewards of observing patients who remain free of complications many, many years after 
diagnosis is however negated by seeing the terrible consequences of diabetic complications 
which occur, not only in patients who have had the disease for many years but also in those 
who are found to have the disease when they first present with complications. The evolution 
of diabetes care has been fueled by new pharmaceutical agents and the large trials that have 
followed demonstrating benefit. There have of course been occasional trials that have upset 
patients, diabetologists and people looking after diabetes as well as the pharmaceutical 
industry. An example early in my career as a diabetologist was the University Group 
diabetes program (UGDP) [1] which suggested harm rather than benefit from the 
sulphonylurea Tolbutamide and the biguanide Phenformin. The controversy which this trial 
caused was truly amazing involving the Supreme Court in the United States. Not many 
trials have been scrutinized by a national supreme court. A more recent example is the 
ACCORD study [2] which set out to examine the benefit of reducing blood sugar to below 
6mmol/l. This study was stopped early because, although there was a reduction in 
myocardial infarction there was an increase in mortality. These trials have resulted in a 
magnificent increase in speculative literature and new consensus statements from lots of 
different bodies enthusiastic about giving advice through guidelines. The Annals of Internal 
Medicine is to be congratulated on publishing a paper written by Davidof “Music lessons; 
what Musicians can teach Doctors”[3]. The care of diabetes is certainly both an art and a 
science in 2011 and this article should re-enforce the diabetologist to be secure in practicing 
art as well as science in the management of diabetes. 
Cardiovascular disease is unfortunately the major cause of death in patients with diabetes. 
For example in the San Antonia Heart Study Halfner et al [4] demonstrated the increased 
risk of cardiovascular mortality in patients with diabetes but without a previous MI was the 
same as that of non diabetic patients who already have had MI although another study 
disputed this [5]. A third prospective study in Finland demonstrated similar results to the 
San Antonia Study [6] and a metanalysis in 2009 confirmed this relationship [7]. Looking at 
the situation in a different way it has been shown that diabetic patients have a life 
expectancy 8-15 years less than non-diabetic people. Recently a prospective study of men 
aged 60 – 69 years followed up for 9 years was reported [8]. The authors found that only 
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men with early onset diabetes and a duration of 16.7 years showed cardiovascular risk 
similar to those with MI and no diabetes. Late onset diabetes was also associated with 
increase in coronary artery events and all cause mortality compared to non diabetic men 
who had no coronary heart disease (CHD), but the risk was less. Even more worryingly is 
the evidence that as blood sugar rises but is still within the pre-diabetes range the risk of 
cardiovascular disease increases [9-11]. Indeed the risk increase in percentage terms is 
greater in this group of patients than in those with diabetes.  
Insulin resistance is a very early finding in the progression to diabetes and it has been 
suggested that abnormalities in fatty acid oxidation can be seen in close relatives of diabetic 
patients at an early age in adulthood [12,13] . A recent report from the Framingham Heart 
study has examined the effect of insulin resistance in subjects without diabetes. During a 
follow-up mean of 14 years the incidence of CHD was significantly greater in those with 
insulin resistance confirming previous studies that demonstrated that high insulin levels 
without hyperglycaemia was an important risk factor[14]. Hba1c has been shown to predict 
cardiovascular events and cardiovascular mortality independently of known cardiovascular 
disease [15-16]. These studies show a consistent and continuous relationship between 
glycaemia and cardiovascular risk even below diagnostic levels for diabetes. Chanman et al 
[17] have recently looked at non diabetic hyperglycaemia and cardiovascular risk and have 
demonstrated that in people with non-diabetic hyperglycaemia cardiovascular risk is highly 
dependent on the presence of other cardiovascular risk factors such as dyslipidaemia. These 
results are in keeping with the difficulty in demonstrating that lowering blood sugar 
improves cardiovascular outcome. There are of course some studies that show this ie 
Diabetes Control and complications/ Epidemiology of Diabetes Interventions and 
Complications (DCCT/EDIC) and UK Prospective Diabetes Study (UKPDS) follow-up 
[18.19]. However the original UKPDS did not show a significant effect on cardiovascular 
mortality [20]. A recent report from the FRENA registry [21] has shown in secondary 
prevention that patients with diabetes and HbA1c < 7% had a lower incidence of subsequent 
ischaemia and a lower mortality than those with HbA1c > 7%. These differences appeared 
only in patients with coronary artery disease (CAD). In this study more than 900 patients 
with type 2 diabetes were followed up over a mean period of 14 months [2, 21]. In the 
intensive care unit setting there was great excitement when studies showed that there was 
benefit from meticulous control of blood sugar but many studies since then have not 
confirmed these findings with regards to cardiovascular mortality [22,23].  

2. Atherosclerosis in diabetes  
Diabetes has been defined as an absolute or relative lack of insulin and it is therefore 
reasonable to consider the action of insulin and to recognize that deficiency in insulin does 
not lead only to hyperglycaemia but also to disturbance in fat and protein metabolism. 
Atherosclerosis is a condition of cholesterol and fat deposition in a vulnerable endothelium 
surface of an artery. It is not surprising therefore that attention has shifted, admittedly very 
slowly from the concept of dysglycaemia to dyslipidaemia for the cause of atherosclerosis in 
diabetes. Inspiration has come from the work of Shafrir and Guttman [24] who in 1965 
demonstrated the relationship between free fatty acids and blood sugar. They divided into 
quartiles, people ranging from normal blood sugar to impaired glucose tolerance. They 
demonstrated that non-suppression of free fatty acids occurred as the blood sugars rose 
even in the normoglycaemic range. In a thought provoking review many years later Shafrir 
and Raz [25] made the suggestion and gave strong evidence to support the suggestion that 
Diabetes Mellitus should be renamed “Diabetes Lipidus”.  
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Fig. 1. LDL may become modified by oxidation, and glycation. The macrophage takes up 
modified LDL and enters the subendothelial space where it becomes a cholesterol laden 
foam cell. Macrophage uptake is facilitated by cytokines and chemotactic factors such as 
VCAM and ICAM. Uptake of cholesterol from triglyceride-rich lipoproteins is facilitated by 
lipoprotein lipase on the endothelial cell surface. Smooth muscle cells protect the plaque 
from rupture through metalloprotinases and thrombus formation.  

Poorly controlled diabetes is usually associated with hypertriglyceridaemia which very 
often responds to hypoglycaemic therapy and normalization of blood sugars. The non-
suppression of free fatty acids (FFA) results in excess free fatty acids reaching the liver from 
adipose tissue which in turn leads to an increase in very low density lipoprotein (VLDL) 
secretion in the postprandial phase. The cellular concentration of non esterified fatty acids 
(NEFA) is tightly controlled by the balance between triglyceride hydrolysis and NEFA 
esterification [26-28]. The hydrolysis of the primary and secondary ester bonds between long 
chain fatty acids and the glycerol backbone in triglyceride is called lypolysis and depends 
on specific hydrolases commonly designated lipases. Adipose triglyceride lipase (ATGL) 
selectively performs the first and rate limiting triacylglyceride hydrolysis to form 
diacylglycerol and NEFA [29, 30]. Hormone sensitive lipase hydrolyses tri-, di- and 
monoacylglycerol [31]. Monoglyceride lipase efficiently cleaves monoglycerols into glycerol 
and NEFAs. Thus lipoprotein lipase, together with adipose triglyceride lipase, hormone 
sensitive lipase and hepatic lipase are all involved in the storage and release of FFA and are 
all involved in the metabolism of the triglyceride-rich lipoproteins and the suppression of 
fatty acids within the adipocyte. Insulin has a direct effect in inhibition of hormone sensitive 
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lipase and ATGL which releases fatty acids from the adipocyte and stimulates lipoprotein 
lipase which is involved in the delipidation of the triglyceride-rich lipoproteins necessary 
for lipoprotein clearance and FFA storage in the adipocyte. For review see Lass et al 2011 
[32]. NEFA metabolism strongly effects glucose utilization and insulin resistance. ATGL 
affects glucose metabolism by different mechanisms and in a tissue specific manor ie 
measures of insulin signaling are increased in skeletal muscle and white adipose tissue but 
decreased in brown adipose tissue [33]. In pancreatic islets ATGL deficiency causes 
triglyceride accumulation and impairs fuel and non fuel stimulated insulin secretion 
suggesting that ATGL is required for the provision of NEFAs as energy source in the 
process of insulin secretion. 
 

 
Fig. 2. LDL is cleared from the plasma by uptake by the apo B/E receptor in coated pits on 
the cell surface. The receptor is internalised and transported to the endosome where LDL is 
degraded and the cholesterol released. The receptor is normally recycled to the cell surface. 
PCSK9 is secreted into the pasma and binds to the LDL receptor inhibiting recycling of the 
receptor. Statins work by upregulating the LDL receptor and facilitating LDL clearance but 
they also upregulate PCSK9. 

Cholesterol as a risk factor for atherosclerosis is so well documented that further 
confirmation seems unnecessary. The safety and efficacy of lowering cholesterol is also well 
established [34]. Long term prospective studies such as Framingham laid the foundations 
but examination of monogenetic hypercholesterolaemia, whether it be from apo B 
polymorphisms, the low density lipoprotein (LDL) receptor or the recent pro-protein 
convertase subtilism-like/kexin type 9 (PCSK 9) already had made the association between 
hypercholesterolaemia and atherosclerosis. PCSK9 is of particular interest since there are 
both loss of function and gain of function gene polymorphisms. In 2003 Abifidel et al [35] 
reported 23 families with autosomal dominant hypercholesterolaemia and premature CHD 
caused by missense mutations of PCSK9. Haughton et al in 2007 [36] demonstrated that over 
expression of PCSK9 in livers of mice reduced hepatic LDL receptor protein causing 
hyperchlesterolaemia suggesting that the mis sense mutations caused a gain of function to 
the mutant protein. They also showed that inactivation of PCSK9 resulted in 
hypocholesterolaemia. Loss of function mutations have also been identified in patients with 
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hypocholesterolaemia. What is particularly interesting is that the reduction in cholesterol 
with these loss of function mutations is associated with much less coronary artery disease 
than would be expected with a similar reduction in cholesterol using statins. An explanation 
has been that the miss-sense mutation has been there since birth whereas statins are only 
used in middle age [37]. Statin therapy in heterozygous patients with this polymorphism 
has a much greater effect than would be associated with statins alone and these findings 
have been used to promote the idea that early statin use would increase benefit [37]. Statins 
upregulate sterol regulatory element binding protein (SREBP) which upregulates the LDL 
receptor but also causes a 45% increase in PCSK9 and a 70% increase when ezetimibe is 
added to the statin [38]. This is probably through regulation by SREBP thus development of 
cholesterol lowering drugs which do not increase PCSK9 would be very advantageous [39]. 
PCSK9 promotes LDL uptake by the LDL receptor but reduces the number of LDL 
receptors. Exciting animal studies suggest that inhibitors of PCSK9 may prove to be a 
powerful tool in cholesterol lowering particularly in conjunction with statins [40]. The 
Sammomys obesus (sand rat) has been very successfully used as a nutritionally-induced 
type 2 diabetes model [41]. Levy et al [42] investigated intestinal PCSK9 protein in this 
model and found that the protein was diminished and LDL receptor was raised in the 
diabetic compared to non-diabetic Sammomys. To investigate whether PCSK9 expression in 
diabetic patients played a part in diabetic dyslipidaemia, Brouwers et al [43] in the CODAM 
study measured PCSK9 in subjects with normal glucose metabolism with impaired glucose 
metabolism and type 2 diabetes. They found no difference in plasma PCSK9 between the 3 
groups. Their study did suggest that the presence of type 2 diabetes may modify the 
relationship between plasma PCSK9 non-HDL cholesterol and apo B.  
Early studies with statins such as the 4S study, demonstrated that diabetic patients responded 
better if anything than non-diabetic patients to statin therapy [44]. Other studies such as the 
Heart Protection Study [45.46] suggested that the response was similar in diabetic and non-
diabetic patients. The role of hypertriglyceridaemia as a risk factor is less secure, perhaps 
because of the very strong inverse relationship between HDL cholesterol and the strong 
evidence that HDL protects against MI through various pathway [47]. Four years ago 2 
important large studies demonstrated convincing evidence of the association between 
hypertriglyceridaemia and cardiovascular disease [48, 49]. Both these studies suggested that 
postprandial triglycerides are effective in predicting cardiovascular risk which fits in well with 
the concept of the atherogenicity of postprandial lipoproteins as will be discussed later. A 
recent examination of the diabetic patients in the Dutch and Potsdam contributions to the 
European Investigation into Cancer and Nutrition[50,51] was reported. The aims of the study 
were to examine the effects of postprandial time on the association and predictive value of 
non-fasting lipid levels and cardiovascular disease risk in participants with cardiovascular 
disease and diabetes. More than 1300 participants with diabetes at baseline were analysed. A 
cut off time between the groups of 3 hours was used in the assessment of cardiovascular risk 
prediction. The authors concluded that postprandial time did not influence the association of 
lipid concentrations with CVD in patients with diabetes nor did it effect a prediction of CVD 
risk [52]. The dramatic effects of cholesterol reduction with statins in reducing cardiovascular 
events has not been replicated using drugs such as fibrates which lower triglycerides although 
studies such as the DIAS study [53] did show significant lack of progression of coronary artery 
atherosclerosis using fenofibrate and the FIELD study [54] did show a significant reduction in 
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[32]. NEFA metabolism strongly effects glucose utilization and insulin resistance. ATGL 
affects glucose metabolism by different mechanisms and in a tissue specific manor ie 
measures of insulin signaling are increased in skeletal muscle and white adipose tissue but 
decreased in brown adipose tissue [33]. In pancreatic islets ATGL deficiency causes 
triglyceride accumulation and impairs fuel and non fuel stimulated insulin secretion 
suggesting that ATGL is required for the provision of NEFAs as energy source in the 
process of insulin secretion. 
 

 
Fig. 2. LDL is cleared from the plasma by uptake by the apo B/E receptor in coated pits on 
the cell surface. The receptor is internalised and transported to the endosome where LDL is 
degraded and the cholesterol released. The receptor is normally recycled to the cell surface. 
PCSK9 is secreted into the pasma and binds to the LDL receptor inhibiting recycling of the 
receptor. Statins work by upregulating the LDL receptor and facilitating LDL clearance but 
they also upregulate PCSK9. 

Cholesterol as a risk factor for atherosclerosis is so well documented that further 
confirmation seems unnecessary. The safety and efficacy of lowering cholesterol is also well 
established [34]. Long term prospective studies such as Framingham laid the foundations 
but examination of monogenetic hypercholesterolaemia, whether it be from apo B 
polymorphisms, the low density lipoprotein (LDL) receptor or the recent pro-protein 
convertase subtilism-like/kexin type 9 (PCSK 9) already had made the association between 
hypercholesterolaemia and atherosclerosis. PCSK9 is of particular interest since there are 
both loss of function and gain of function gene polymorphisms. In 2003 Abifidel et al [35] 
reported 23 families with autosomal dominant hypercholesterolaemia and premature CHD 
caused by missense mutations of PCSK9. Haughton et al in 2007 [36] demonstrated that over 
expression of PCSK9 in livers of mice reduced hepatic LDL receptor protein causing 
hyperchlesterolaemia suggesting that the mis sense mutations caused a gain of function to 
the mutant protein. They also showed that inactivation of PCSK9 resulted in 
hypocholesterolaemia. Loss of function mutations have also been identified in patients with 
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hypocholesterolaemia. What is particularly interesting is that the reduction in cholesterol 
with these loss of function mutations is associated with much less coronary artery disease 
than would be expected with a similar reduction in cholesterol using statins. An explanation 
has been that the miss-sense mutation has been there since birth whereas statins are only 
used in middle age [37]. Statin therapy in heterozygous patients with this polymorphism 
has a much greater effect than would be associated with statins alone and these findings 
have been used to promote the idea that early statin use would increase benefit [37]. Statins 
upregulate sterol regulatory element binding protein (SREBP) which upregulates the LDL 
receptor but also causes a 45% increase in PCSK9 and a 70% increase when ezetimibe is 
added to the statin [38]. This is probably through regulation by SREBP thus development of 
cholesterol lowering drugs which do not increase PCSK9 would be very advantageous [39]. 
PCSK9 promotes LDL uptake by the LDL receptor but reduces the number of LDL 
receptors. Exciting animal studies suggest that inhibitors of PCSK9 may prove to be a 
powerful tool in cholesterol lowering particularly in conjunction with statins [40]. The 
Sammomys obesus (sand rat) has been very successfully used as a nutritionally-induced 
type 2 diabetes model [41]. Levy et al [42] investigated intestinal PCSK9 protein in this 
model and found that the protein was diminished and LDL receptor was raised in the 
diabetic compared to non-diabetic Sammomys. To investigate whether PCSK9 expression in 
diabetic patients played a part in diabetic dyslipidaemia, Brouwers et al [43] in the CODAM 
study measured PCSK9 in subjects with normal glucose metabolism with impaired glucose 
metabolism and type 2 diabetes. They found no difference in plasma PCSK9 between the 3 
groups. Their study did suggest that the presence of type 2 diabetes may modify the 
relationship between plasma PCSK9 non-HDL cholesterol and apo B.  
Early studies with statins such as the 4S study, demonstrated that diabetic patients responded 
better if anything than non-diabetic patients to statin therapy [44]. Other studies such as the 
Heart Protection Study [45.46] suggested that the response was similar in diabetic and non-
diabetic patients. The role of hypertriglyceridaemia as a risk factor is less secure, perhaps 
because of the very strong inverse relationship between HDL cholesterol and the strong 
evidence that HDL protects against MI through various pathway [47]. Four years ago 2 
important large studies demonstrated convincing evidence of the association between 
hypertriglyceridaemia and cardiovascular disease [48, 49]. Both these studies suggested that 
postprandial triglycerides are effective in predicting cardiovascular risk which fits in well with 
the concept of the atherogenicity of postprandial lipoproteins as will be discussed later. A 
recent examination of the diabetic patients in the Dutch and Potsdam contributions to the 
European Investigation into Cancer and Nutrition[50,51] was reported. The aims of the study 
were to examine the effects of postprandial time on the association and predictive value of 
non-fasting lipid levels and cardiovascular disease risk in participants with cardiovascular 
disease and diabetes. More than 1300 participants with diabetes at baseline were analysed. A 
cut off time between the groups of 3 hours was used in the assessment of cardiovascular risk 
prediction. The authors concluded that postprandial time did not influence the association of 
lipid concentrations with CVD in patients with diabetes nor did it effect a prediction of CVD 
risk [52]. The dramatic effects of cholesterol reduction with statins in reducing cardiovascular 
events has not been replicated using drugs such as fibrates which lower triglycerides although 
studies such as the DIAS study [53] did show significant lack of progression of coronary artery 
atherosclerosis using fenofibrate and the FIELD study [54] did show a significant reduction in 
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the composit of CVD death, MI, stroke and coronary or carotid revascularization, even though 
many patients in that study had statins added to the treatment during that study and only 21% 
of patients enrolled had mixed dyslipidaemia, thus limiting its power. Also the Field Study 
[54] chose patients who did not have very elevated triglyceride levels which was anther 
problem with the study. A recent metanalysis systematically searched trials published 
between 1950 and 2010 and found that fibrates produced a 10% relative risk reduction for 
major cardiovascular events and a 13% relative risk reduction for coronary events (p<0.001) 
but had no effect on all risk or cardiovascular mortality[55]. Supporting the concept that 
fibrates may show more benefit in patients with hypertriglyceridaemia, Scott et al [56] on 
behalf of the Field Study Investigators explored whether the effect of fenofibrate on 
cardiovascular risk differed in subjects with and without metabolic syndrome. There were 
more than 9000 individuals with diabetes and components of the metabolic syndrome. They 
observed that the largest effect of fenofibrate on CVD risk was in patients with marked 
hypertriglyceridaemia (triglyceride >2.3) in whom a 27% risk reduction was observed with or 
without a low HDL cholesterol. From the above it becomes clear that diabetes is associated 
with an increased risk of atherosclerosis which can in part be reduced by either lowering LDL 
cholesterol or triglycerides. 

3. The chylomicron in diabetes 
The food we eat ( quantity and quality) is responsible for the variation in an individuals 
lipoprotein profile accepting that the variation may be modified by exercise. This regulation 
is considerably disturbed in diabetes. It is important to recognize the role of the triglyceride-
rich lipoproteins and in particular the chylomicron in modulating both VLDL and LDL 
quantity and composition [57]. High density lipoprotein (HDL) is also intimately linked to 
the triglyceride rich lipoproteins with a strong inverse correlation. Thus the chylomicron 
assumes dominance over all other lipoproteins particularly in diabetes and makes the study 
of chylomicron metabolism exciting and of major importance in the pathophysiology of 
diabetes, dyslipidaemia and atherosclerosis.  
The chylomicron is defined by apolipoprotein (apo) B48 its solubilising protein. Many 
studies have shown an increase in the apo B48-containing lipoproteins both in the 
postprandial and fasting state in diabetes [58]. Originally it was thought that the problem 
was in clearance of the particles due to a relative lack of insulin which led to a reduction in 
lipoprotein lipase activity, slowing of lipolysis of the particle and delayed clearance by the 
liver. We demonstrated in an animal model of diabetes that chylomicron synthesis was also 
abnormal and confirmed that because of altered composition of the particle clearance was 
delayed perhaps due to insufficient apo E on the particle [59]. The regulation of chylomicron 
synthesis in the intestine is dependent on the amount of cholesterol that is available in the 
diet but chylomicron cholesterol also comes from the enterohepatic secretion of bile and the 
cholesterol that is excreted from the liver via this route as well as de novo cholesterol 
synthesis. The intestine is responsible for up to 25% of the cholesterol synthesized in the 
body. As an interesting aside at this stage it is useful to consider that people have been 
categorised into high and low absorbers of cholesterol and that cholesterol absorption is 
inversely related to cholesterol synthesis. As expected the high absorbers do less well on 
statin therapy but better on inhibition of cholesterol absorption by Ezetimibe, a drug that 
inhibits cholesterol absorption, compared to the people who are low absorbers of 
cholesterol. In the Framingham offspring study those patients with lower synthesis and 
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higher absorption markers were more likely to develop cardiovascular disease [60,61]. These 
studies were confirmed by Silbernagel et al [62]. In 2440 participants of the LURIC study 
they found a modest association of high cholesterol absorption and low cholesterol 
synthesis with an increased severity of CAD. However Lakoskiet al [63] tested the 
hypothesis that individuals with high fractional absorption of cholesterol respond better to 
the cholesterol absorption inhibitor Ezetimibe than to simvastatin and visa versa. They did 
not find that baseline cholesterol absorption and synthesis predicted responsiveness to the 
above drugs rather they found that responsiveness to the two drugs was highly correlated. 
They suggest that factors downstream of the primary sites of action of these drugs are a 
major determinant of the response. In a subgroup analysis of the Scandinavian  Simvastatin 
Survival Study (4S), Miettinen et al [64] showed that the baseline blood glucose level is 
related positively to cholesterol synthesis and negatively to that of absorption. Despite a 
marked glucose-related decrease in cholesterol synthesis with simvastatin, serum 
cholesterol reduction was not dependent on the baseline glucose level. 
The discovery of Niemann Pick C1-like1(NPC1-L1) is an interesting story. The search for an 
explanation as to how cholesterol in the body is so finely regulated has been intensive. The 
finely tuned regulation of cholesterol was perhaps best illustrated by the report of the elderly 
gentleman who ate 25 eggs a day for many years but his cholesterol remained at just above 
6mmol/l [65]. Altman and Davis in their search for molecules that might inhibit cholesterol 
absorption discovered by chance a compound which is now known as ezetimibe [66]. They 
discovered a putative gene, the NPC1L1. Elegant studies in mice demonstrated that knocking 
out this gene reduced cholesterol absorption by the same amount as happened when the wild 
mice were fed with ezetimibe. They showed that there was no further reduction in cholesterol 
absorption in the knockout mice when fed ezetimibe. The group went on to show that lack of 
Npc1L1 in apoE–/– mice results in a significant reduction in cholesterol absorption and plasma 
cholesterol levels, and causes nearly complete protection from the development of 
atherosclerosis, under both cholesterol-fed and non-cholesterol-fed conditions [67, 68]. Statins, 
which inhibit 3 Hydroxy 3 methylglutaryl co enzyme A (HMGCoA) reductase and cholesterol 
synthesis, have been shown to increase cholesterol absorption. It has also been shown that low 
absorbers of cholesterol respond better to statins than high absorbers. Ezetimibe potentiates 
the effect of statins, increasing their effectiveness by another 15 – 20% in relation to cholesterol 
lowering. Trembly et al [69] this year reported an increase in NPC1L1 by 19% in the small 
intestine in subjects on atorvastatin thus describing a mechanism whereby cholesterol 
absorption is increased in patients on statins. In animal studies we have demonstrated an 
increase in cholesterol absorption in diabetes [70] We asked the question as to whether 
diabetes might be associated with an increase in cholesterol absorption through stimulation of 
NPC1-L1. We demonstrated in animal models of diabetes that NPC1L1 was up-regulated [71] 
and in diabetic patients and we demonstrated an increase in mRNA [72] suggesting a 
mechanism for an increase in cholesterol absorption. In the Sammomas Obesus model of type 
2 diabetes, the animals exhibiting weight gain, hyperinsulinaemia and hypercholesterolaemia, 
NPC1-L1 protein and gene expression were both significantly reduced in the intestine and the 
authors found a lower capacity to absorb cholesterol compared to controls [73,]. This may 
suggest interspecies variation but it is a surprising finding considering that this animal model 
of diabetes has been shown to have increased production of intestinal lipoprotein-containing 
apo B48 [74].  
The mechanism whereby the body is almost completely unable to absorb plant sterols was a 
mystery until recently. Study of the familial condition, sitosterolaemia, unlocked the 
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the composit of CVD death, MI, stroke and coronary or carotid revascularization, even though 
many patients in that study had statins added to the treatment during that study and only 21% 
of patients enrolled had mixed dyslipidaemia, thus limiting its power. Also the Field Study 
[54] chose patients who did not have very elevated triglyceride levels which was anther 
problem with the study. A recent metanalysis systematically searched trials published 
between 1950 and 2010 and found that fibrates produced a 10% relative risk reduction for 
major cardiovascular events and a 13% relative risk reduction for coronary events (p<0.001) 
but had no effect on all risk or cardiovascular mortality[55]. Supporting the concept that 
fibrates may show more benefit in patients with hypertriglyceridaemia, Scott et al [56] on 
behalf of the Field Study Investigators explored whether the effect of fenofibrate on 
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more than 9000 individuals with diabetes and components of the metabolic syndrome. They 
observed that the largest effect of fenofibrate on CVD risk was in patients with marked 
hypertriglyceridaemia (triglyceride >2.3) in whom a 27% risk reduction was observed with or 
without a low HDL cholesterol. From the above it becomes clear that diabetes is associated 
with an increased risk of atherosclerosis which can in part be reduced by either lowering LDL 
cholesterol or triglycerides. 
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The food we eat ( quantity and quality) is responsible for the variation in an individuals 
lipoprotein profile accepting that the variation may be modified by exercise. This regulation 
is considerably disturbed in diabetes. It is important to recognize the role of the triglyceride-
rich lipoproteins and in particular the chylomicron in modulating both VLDL and LDL 
quantity and composition [57]. High density lipoprotein (HDL) is also intimately linked to 
the triglyceride rich lipoproteins with a strong inverse correlation. Thus the chylomicron 
assumes dominance over all other lipoproteins particularly in diabetes and makes the study 
of chylomicron metabolism exciting and of major importance in the pathophysiology of 
diabetes, dyslipidaemia and atherosclerosis.  
The chylomicron is defined by apolipoprotein (apo) B48 its solubilising protein. Many 
studies have shown an increase in the apo B48-containing lipoproteins both in the 
postprandial and fasting state in diabetes [58]. Originally it was thought that the problem 
was in clearance of the particles due to a relative lack of insulin which led to a reduction in 
lipoprotein lipase activity, slowing of lipolysis of the particle and delayed clearance by the 
liver. We demonstrated in an animal model of diabetes that chylomicron synthesis was also 
abnormal and confirmed that because of altered composition of the particle clearance was 
delayed perhaps due to insufficient apo E on the particle [59]. The regulation of chylomicron 
synthesis in the intestine is dependent on the amount of cholesterol that is available in the 
diet but chylomicron cholesterol also comes from the enterohepatic secretion of bile and the 
cholesterol that is excreted from the liver via this route as well as de novo cholesterol 
synthesis. The intestine is responsible for up to 25% of the cholesterol synthesized in the 
body. As an interesting aside at this stage it is useful to consider that people have been 
categorised into high and low absorbers of cholesterol and that cholesterol absorption is 
inversely related to cholesterol synthesis. As expected the high absorbers do less well on 
statin therapy but better on inhibition of cholesterol absorption by Ezetimibe, a drug that 
inhibits cholesterol absorption, compared to the people who are low absorbers of 
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higher absorption markers were more likely to develop cardiovascular disease [60,61]. These 
studies were confirmed by Silbernagel et al [62]. In 2440 participants of the LURIC study 
they found a modest association of high cholesterol absorption and low cholesterol 
synthesis with an increased severity of CAD. However Lakoskiet al [63] tested the 
hypothesis that individuals with high fractional absorption of cholesterol respond better to 
the cholesterol absorption inhibitor Ezetimibe than to simvastatin and visa versa. They did 
not find that baseline cholesterol absorption and synthesis predicted responsiveness to the 
above drugs rather they found that responsiveness to the two drugs was highly correlated. 
They suggest that factors downstream of the primary sites of action of these drugs are a 
major determinant of the response. In a subgroup analysis of the Scandinavian  Simvastatin 
Survival Study (4S), Miettinen et al [64] showed that the baseline blood glucose level is 
related positively to cholesterol synthesis and negatively to that of absorption. Despite a 
marked glucose-related decrease in cholesterol synthesis with simvastatin, serum 
cholesterol reduction was not dependent on the baseline glucose level. 
The discovery of Niemann Pick C1-like1(NPC1-L1) is an interesting story. The search for an 
explanation as to how cholesterol in the body is so finely regulated has been intensive. The 
finely tuned regulation of cholesterol was perhaps best illustrated by the report of the elderly 
gentleman who ate 25 eggs a day for many years but his cholesterol remained at just above 
6mmol/l [65]. Altman and Davis in their search for molecules that might inhibit cholesterol 
absorption discovered by chance a compound which is now known as ezetimibe [66]. They 
discovered a putative gene, the NPC1L1. Elegant studies in mice demonstrated that knocking 
out this gene reduced cholesterol absorption by the same amount as happened when the wild 
mice were fed with ezetimibe. They showed that there was no further reduction in cholesterol 
absorption in the knockout mice when fed ezetimibe. The group went on to show that lack of 
Npc1L1 in apoE–/– mice results in a significant reduction in cholesterol absorption and plasma 
cholesterol levels, and causes nearly complete protection from the development of 
atherosclerosis, under both cholesterol-fed and non-cholesterol-fed conditions [67, 68]. Statins, 
which inhibit 3 Hydroxy 3 methylglutaryl co enzyme A (HMGCoA) reductase and cholesterol 
synthesis, have been shown to increase cholesterol absorption. It has also been shown that low 
absorbers of cholesterol respond better to statins than high absorbers. Ezetimibe potentiates 
the effect of statins, increasing their effectiveness by another 15 – 20% in relation to cholesterol 
lowering. Trembly et al [69] this year reported an increase in NPC1L1 by 19% in the small 
intestine in subjects on atorvastatin thus describing a mechanism whereby cholesterol 
absorption is increased in patients on statins. In animal studies we have demonstrated an 
increase in cholesterol absorption in diabetes [70] We asked the question as to whether 
diabetes might be associated with an increase in cholesterol absorption through stimulation of 
NPC1-L1. We demonstrated in animal models of diabetes that NPC1L1 was up-regulated [71] 
and in diabetic patients and we demonstrated an increase in mRNA [72] suggesting a 
mechanism for an increase in cholesterol absorption. In the Sammomas Obesus model of type 
2 diabetes, the animals exhibiting weight gain, hyperinsulinaemia and hypercholesterolaemia, 
NPC1-L1 protein and gene expression were both significantly reduced in the intestine and the 
authors found a lower capacity to absorb cholesterol compared to controls [73,]. This may 
suggest interspecies variation but it is a surprising finding considering that this animal model 
of diabetes has been shown to have increased production of intestinal lipoprotein-containing 
apo B48 [74].  
The mechanism whereby the body is almost completely unable to absorb plant sterols was a 
mystery until recently. Study of the familial condition, sitosterolaemia, unlocked the 
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mystery [75]. Sitosterolaemia is a rare condition associated with early and severe 
atherosclerosis. The condition is associated with normal or slightly elevated cholesterol 
whereas total sterols are markedly increased. Search for polymorphisms in putative genes 
controlling plant sterol absorption or perhaps one should say blocking plant sterol 
absorption, identified ATP binding cassette proteins (ABC)G5 and G8 in the intestine [76]. 
Further work demonstrated that these two gene products work in tandem to re-excrete both 
plant sterols virtually completely and cholesterol to a lesser extent in a regulated way [77]. 
The genes were also found to be expressed in the liver where they are responsible for 
controlling cholesterol re-excretion into the bile [75-77]. It appears that these two genes are 
very important regulators of cholesterol and together with NPC1-L1 protein are responsible 
for cholesterol homeostasasis in the body. Polymorphisms of the ABCG5/G8 have not only 
been associated with increased serum sitosterol but also with increase in cholesterol. It has 
also been shown that polymorphisms in the ABCG5/G8 may influence cholesterol in weight 
reduction programs (the Q604E SNP in ABCG5 and the C54Y in ABC8) [78,79]. Gylling et al 
[80] examined polymorphisms in the ABCG5 and G8 genes and found that low serum 
cholesterol and cholesterol absorption were linked to a polymorphism (D19H) of the ABCG8 
gene and characteristics of the insulin resistance syndrome in men was linked to Q604E 
polymorphism in the ABCG5 gene. The authors studied 263 mildly hypercholesterolaemic 
non-coronary subjects using colestanol to cholesterol ratio as a surrogate marker of 
cholesterol absorption efficiency. Since diabetes is so frequently associated with 
dyslipidaemia the ABCs became a target for research. Blocks et al [81] examined mRNA and 
protein expression of ABCG5 and G8 in the intestine of streptozotosin rats and found 
significant reduction in expression of both ABCG5 and G8. They found that levels were 
partially normalised on insulin supplementation. We have shown that ABCG5 and G8 were 
reduced by more than 50% in the intestine of zucker diabetic fa/fa rats compared with lean 
rats although this did not reach statistical significance [82]. Insulin treatment caused a non-
significant increase in ABCG5 and G8 mRNA. In streptozotosin diabetic rats ABCG5 and G8 
were both very significantly reduced in the intestine [83]. There was a negative correlation 
between both ABCG5 and G8 and chylomicron cholesterol [83]. In the Psamonas Obesus 
Levy et al [73,74] showed a reduction in ABC G5/G8 in the intestine. In the intestine of 
human subjects with type 2 diabetes, ABCG5 and G8 mRNA were both significantly lower 
compared to controls [71]. There was a negative correlation between ABCG5 and G8 and 
NCP1-L1 in the combined diabetic and control subjects [71]. There was a significant negative 
correlation between chylomicron cholesterol and both ABCG5 and G8 [71]. These two genes 
appear to play an important role in the dysregulation of cholesterol metabolism in diabetes 

4. Microsomal triglyceride transfer protein  
Intestinal microsomal triglyceride transfer protein (MTP) plays a major role in the assembly 
of the chylomicron particle and therefore of cholesterol and triglyceride metabolism. 
Intestinal MTP has become a hot topic since new inhibitors of intestinal MTP have been 
shown to lower triglyceride without causing hepatic steatosis at least in animal studies 
[84,85]. Although many polymorphisms of MTP have been described, some of which have 
considerable impact on LDL cholesterol in both non-diabetic and diabetic subjects [86,87], it 
is difficult to know whether the results mainly stemmed from the effect in the liver rather 
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than the intestine. The intestinal inhibitors of MTP which have no effect on the liver, should 
answer this question in the future. In animal studies diabetes is associated with an increase 
in MTP mRNA with close correlation between MTP mRNA and chylomicron 
cholesterol[81,88-90]. In the rabbit increased MTP mRNA is associated with increase in 
chylomicron particle numbers [88] but in the rat it is associated with larger particles [89]. 
The fructose-fed insulin resistant hamster model, has an increase in MTP protein mass and 
this was associated with an increase in the triglyceride-rich intestinally derived lipoproteins 
[91]. Zolotowska et al [92] in 2003 examined the B48 containing lipoprotein assembly in the 
small intestine of psamnonys obesus, a model of nutritionally-induced diabetes and insulin 
resistance. De novo triglyceride synthesis, apo B48 biogenesis and triglyceride-rich 
lipoprotein assembly were all increased. MTP activity and protein expression however, 
were not altered. In the enterocyte of fructose fed golden hamster MTP mRNA and protein 
mass were increased by tumour necrosis factor(TNF)α but apo B levels in the enterocyte 
were not effected suggesting that there is considerable inter species variation [91]. In human 
studies in type 2 diabetes we demonstrated an increase in MTP mRNA in intestinal biopsies 
[71,90]. Diabetic patients who were on statin therapy had lower MTP mRNA compared to 
those not on statins [86,]. We found positive correlations between MTP mRNA and 
chylomicron fraction cholesterol and apo B48 [86]  

5. Chylomicron and atherosclerosis 
The circulating chylomicron has been the poor relation of the lipoproteins, at least until 
recently. There are many reasons for this ie post postprandial lipoprotein measurement is 
difficult to standardise. The amount of cholesterol that the chylomicron contains is very 
much less than that of the LDL particle and the statins have demonstrated such resounding 
success in reducing cholesterol and lowering cardiovascular risk. Those of us who champion 
the chylomicron as the most important lipoprotein do so in part because the number of 
chylomicrons, far exceeds that of LDL particles. Chylomicrons in fact carry as much 
cholesterol as LDL particularly in high cholesterol absorbers. They have a turnover in 
minutes whereas LDL has a half life of about 4 days. The lipoproteins are a transport 
mechanism for cholesterol and fat thus the shorter the half life the more the carrying power. 
The atherogenicity of the chylomicron particle depends on its ability to deliver cholesterol to 
the atherosclerotic plaque and studies both in animals and humans have demonstrated that 
indeed apo B48 is found in plaque demonstrating that the chylomicron can enter the 
endothelial space. The macrophage has a specific apo E receptor which enhances the uptake 
of the chylomicron particle. The composition of the chylomicron particle in diabetes has 
been difficult to define because separation of apo B48 particles from apo B100 particles is 
cumbersome. Using a monoclonal antibody against apo B48, Yoshimura et al [92] examined 
type 2 diabetic patients and non-diabetic patients. Although the separation of apo B48 from 
B100 was not complete the apo B48 containing chylomicrons had a higher content of 
triglyceride but there was no difference between those with diabetes and those without 
diabetes. They further confirmed a B48 receptor in TPH-1 cells (a human acute monocytic 
leukaemia cell line) and also in Hep G2 cells. The inflammatory process is at the centre of 
the atherosclerotic lesion. Chylomicron remnants induce macrophage foam cell formation 
[93,94]. The fatty acid composition of chylomicron remnants markedly influences the 
formation of macrophage foam cells. The group from the Royal Veterinary College in 
London has shown that enrichment with saturated fatty acids causes the remnants to be  
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mystery [75]. Sitosterolaemia is a rare condition associated with early and severe 
atherosclerosis. The condition is associated with normal or slightly elevated cholesterol 
whereas total sterols are markedly increased. Search for polymorphisms in putative genes 
controlling plant sterol absorption or perhaps one should say blocking plant sterol 
absorption, identified ATP binding cassette proteins (ABC)G5 and G8 in the intestine [76]. 
Further work demonstrated that these two gene products work in tandem to re-excrete both 
plant sterols virtually completely and cholesterol to a lesser extent in a regulated way [77]. 
The genes were also found to be expressed in the liver where they are responsible for 
controlling cholesterol re-excretion into the bile [75-77]. It appears that these two genes are 
very important regulators of cholesterol and together with NPC1-L1 protein are responsible 
for cholesterol homeostasasis in the body. Polymorphisms of the ABCG5/G8 have not only 
been associated with increased serum sitosterol but also with increase in cholesterol. It has 
also been shown that polymorphisms in the ABCG5/G8 may influence cholesterol in weight 
reduction programs (the Q604E SNP in ABCG5 and the C54Y in ABC8) [78,79]. Gylling et al 
[80] examined polymorphisms in the ABCG5 and G8 genes and found that low serum 
cholesterol and cholesterol absorption were linked to a polymorphism (D19H) of the ABCG8 
gene and characteristics of the insulin resistance syndrome in men was linked to Q604E 
polymorphism in the ABCG5 gene. The authors studied 263 mildly hypercholesterolaemic 
non-coronary subjects using colestanol to cholesterol ratio as a surrogate marker of 
cholesterol absorption efficiency. Since diabetes is so frequently associated with 
dyslipidaemia the ABCs became a target for research. Blocks et al [81] examined mRNA and 
protein expression of ABCG5 and G8 in the intestine of streptozotosin rats and found 
significant reduction in expression of both ABCG5 and G8. They found that levels were 
partially normalised on insulin supplementation. We have shown that ABCG5 and G8 were 
reduced by more than 50% in the intestine of zucker diabetic fa/fa rats compared with lean 
rats although this did not reach statistical significance [82]. Insulin treatment caused a non-
significant increase in ABCG5 and G8 mRNA. In streptozotosin diabetic rats ABCG5 and G8 
were both very significantly reduced in the intestine [83]. There was a negative correlation 
between both ABCG5 and G8 and chylomicron cholesterol [83]. In the Psamonas Obesus 
Levy et al [73,74] showed a reduction in ABC G5/G8 in the intestine. In the intestine of 
human subjects with type 2 diabetes, ABCG5 and G8 mRNA were both significantly lower 
compared to controls [71]. There was a negative correlation between ABCG5 and G8 and 
NCP1-L1 in the combined diabetic and control subjects [71]. There was a significant negative 
correlation between chylomicron cholesterol and both ABCG5 and G8 [71]. These two genes 
appear to play an important role in the dysregulation of cholesterol metabolism in diabetes 

4. Microsomal triglyceride transfer protein  
Intestinal microsomal triglyceride transfer protein (MTP) plays a major role in the assembly 
of the chylomicron particle and therefore of cholesterol and triglyceride metabolism. 
Intestinal MTP has become a hot topic since new inhibitors of intestinal MTP have been 
shown to lower triglyceride without causing hepatic steatosis at least in animal studies 
[84,85]. Although many polymorphisms of MTP have been described, some of which have 
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than the intestine. The intestinal inhibitors of MTP which have no effect on the liver, should 
answer this question in the future. In animal studies diabetes is associated with an increase 
in MTP mRNA with close correlation between MTP mRNA and chylomicron 
cholesterol[81,88-90]. In the rabbit increased MTP mRNA is associated with increase in 
chylomicron particle numbers [88] but in the rat it is associated with larger particles [89]. 
The fructose-fed insulin resistant hamster model, has an increase in MTP protein mass and 
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studies in type 2 diabetes we demonstrated an increase in MTP mRNA in intestinal biopsies 
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The atherogenicity of the chylomicron particle depends on its ability to deliver cholesterol to 
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indeed apo B48 is found in plaque demonstrating that the chylomicron can enter the 
endothelial space. The macrophage has a specific apo E receptor which enhances the uptake 
of the chylomicron particle. The composition of the chylomicron particle in diabetes has 
been difficult to define because separation of apo B48 particles from apo B100 particles is 
cumbersome. Using a monoclonal antibody against apo B48, Yoshimura et al [92] examined 
type 2 diabetic patients and non-diabetic patients. Although the separation of apo B48 from 
B100 was not complete the apo B48 containing chylomicrons had a higher content of 
triglyceride but there was no difference between those with diabetes and those without 
diabetes. They further confirmed a B48 receptor in TPH-1 cells (a human acute monocytic 
leukaemia cell line) and also in Hep G2 cells. The inflammatory process is at the centre of 
the atherosclerotic lesion. Chylomicron remnants induce macrophage foam cell formation 
[93,94]. The fatty acid composition of chylomicron remnants markedly influences the 
formation of macrophage foam cells. The group from the Royal Veterinary College in 
London has shown that enrichment with saturated fatty acids causes the remnants to be  
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Fig. 3. The chylomicron is formed from dietary cholesterol, triglyceride, and phospholipid 
together with endogenously synthesised cholesterol for which HMGCoA reductase is the 
rate-limiting enzyme, and Some of the cholesterol is esterified by the enzyme ACAT. 
Intestinal cholesterol absorption is facilitated by NPC1L1 and opposed by ABCG5/G8. 
Intestinally produced apo B48 is the structural protein for the chylomicron and the particle 
is assembled under the influence of MTP. Most of the chylomicron triglyceride is hydrolised 
by lipoprotein lipase in the capiliaries prior to uptake of the particle by the liver where it is 
broken down and reassembled together with apo B100, again under the influence of MTP, 
and released as VLDL into the circulation. 

taken up more quickly and cause greater cholesterol accumulation than those enriched with 
polyunsaturated fatty acids or monounsaturated fatty acids [95]. They further showed that 
the inflammatory process and the activity of nuclear factor-kB (NF-kB can be diminished if 
the Chylomicron remnants are enriched with polyunsaturated fatty acids [96]. This group 
had previously shown that oxidation of chylomicron remnants delayed uptake by the 
macrophage CD36 receptor in contrast to LDL where oxidation increases uptake in 
macrophages. The authors however do make the point that the CD36 receptor and 
phagocytosis play only a minor role in foam cell formation. The main uptake and 
internalisation being through the LDL receptor related protein (LRP) and the LDL receptor 
[97]. GLP-1-like agonists are now being widely used in the treatment of diabetes and have a 
beneficial effect on glycaemia and also lipidaemia [98]. Xiao et al 2011 [99] have recently 
shown in healthy men that glucagon acutely regulates hepatic but not intestinal lipoprotein 
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metabolism both by decreasing lipoprotein particle production and inhibiting particle 
clearance. The classic diabetes fasting lipid indices of elevated LDL cholesterol, high 
triglyceride and low HDL in those with type 1 diabetes is often missing even if they have 
atherosclerosis[100]. However when adolescents with diabetes are compared to their non-
diabetic siblings they have been shown to have higher triglycerides. LDL and lower HDL 
[101]. The SEARCH for diabetes in youth study (SEARCH) showed similar findings [102]. 
Guy [103] in a cross sectional study of 512 youths with type 1 diabetes mean duration 4.2 
years and 188 healthy control subjects they found that those with HbA1c in the optimal 
range (<7.5%) were similar to controls whereas the poorly controlled subjects had raised 
total cholesterol, LDL cholesterol and non-HDL cholesterol together with significantly 
elevated apo B and more small dense LDL particles. The authors conclude that poor 
glycaemic control is an important mediator of abnormal lipoproteins. Very recently Mangat 
et al [104] examined the chylomicron in subjects with type 1 diabetes thus extending our 
knowledge of postprandial lipoprotein metabolism in diabetes. Just like in type 2 diabetes 
[105-107], Mangat et al show significantly higher concentrations both of fasting apo B48 and 
a total plasma apo B48 following a sequential meal challenge, than control subjects 
demonstrating impaired metabolism of chylomicron remnants. Interestingly they also 
demonstrated arterial retention of remnants ex vivo in type 1 diabetic rats and showed that 
remnants bound with significant affinity to human biglycan in vivo. They also showed a 
further 2.3 fold increased binding capacity when they used glycated biglycan.  

6. Chylomicron turnover in diabetes 
The chylomicron is mostly cleared by the liver through the B/E and LDL related protein 
(LRP) receptors. There is prolonged clearance in diabetes as shown by the length of time apo 
B48 remains in the circulation following a meal [105-107]. This is related both to 
compositional abnormalities in the chylomicron and to delay in lipolysis. As stated earlier 
apo E appears to be deficient on the particle [59]. Perhaps more importantly delipidation of 
the particle is abnormal. Lipoprotein lipase is an insulin dependent enzyme and in clinical 
practice treatment that normalises blood sugar is always associated with a reduction in 
triglyceride. The importance of the postprandial period in triglyceride metabolism and 
particularly in chylomicron metabolism is often overlooked with reliance on fasting blood 
sugar as being an indication of good diabetic control. The evidence that the postprandial 
blood sugar is a better indicator of cardiovascular risk than fasting blood sugar and the close 
relationship between hyperglycaemia and hypertriglyceridaemia suggests that 
normalisation of both blood sugar and triglycerides would reduce the atherosclerotic 
burden Cereillo [108]. Interest is growing in measurement and treatment of the postprandial 
phase but it is very demanding on both patient and physician. The increase in 
chylomicronaemia postprandially has a major impact on VLDL composition since the large 
triglyceride-rich lipoproteins generate small dense LDL [109 110]. Small dense LDL has been 
shown to be more easily oxidised and therefore has a greater capacity to be taken up by the 
macrophage. Small dense LDL is more common in diabetes. Many years ago the Scottish 
group were unable to show much in the way of a relationship between small dense LDL and 
atherosclerosis in diabetes [111] but more recently in a small study it has been reported LDL 
size was the stongest marker for clinically apparent as well as non apparent atherosclerosis 
In Type 2 diabetes [112]. Inhibition of cholesterol absorption with Ezetimibe improves the 
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knowledge of postprandial lipoprotein metabolism in diabetes. Just like in type 2 diabetes 
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quality of VLDL, IDL and LDL by significantly reducing the triglyceride/cholesterol ratio in 
these lipoproteins [113] demonstrating the relationship between the chylomicron and the 
other apo B containing lipoproteins. 

7. High density lipoprotein 
The intimate inverse relationship between triglyceride-rich lipoproteins and HDL is well 
known and is particularly common in diabetes. The reason why this inverse correlation is so 
strong is due to the importance of apo A1 and apo E in the formation of HDL. Catabolism of 
the triglyceride-rich lipoproteins is necessary for the release of apo A1 and apo E, both 
intestinally and hepatically derived. The delayed catabolism of the triglyceride-rich 
lipoproteins in diabetes leads to a deficiency of apo A1 and apo E necessary for the 
formation of the nacent HDL particle with its specific detergent-like properties that can 
solublise vesicular phospholipid to create discoidal HDL particles [114]. Lipoprotein 
metabolism starting with the large chylomicron and ending with the small HDL particles is 
a closely interwoven dynamic milieu designed in times when food was in short supply. It is 
not surprising that disturbance of this intricate pathway occurs with over feeding or in 
diabetes when a lack of insulin relative or absolute disturbs energy metabolism. 

8. Conclusion  
The chylomicron is a major cholesterol carrying particle due to the large amount of 
chylomicrons produced postprandially. Chylomicron cholesterol is delivered to the 
atherosclerotic plaque and induces foam cell formation. Chylomicron clearance is delayed in 
diabetes but synthesis is also increased in diabetes. The other important cause of 
atherosclerosis in diabetes relates to the lipoprotein cascade, increased chylomicron 
production and decreased clearance leads to an atherogenic LDL (both small dense LDL and 
an LDL with an increase in esterified cholesterol) leading to increased oxidisability of the 
particle. Finally the increase in triglyceride-rich lipoproteins results in low HDL, an 
important atherosclerosis risk factor. Normalisation of the dyslipidaemia of diabetes and in 
particular chylomicronaemia should be a major goal in the prevention of the increased 
atherosclerosis found in diabetes 
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1. Introduction 

Chronic kidney disease has become an important global public health threat. There are 
currently approximately 387,000 patients with end-stage kidney disease in the United States 
and 1.8 million patients worldwide who require dialysis therapy or a transplant for survival 
(DuBose, 2007). Over 23 million children and adults have diabetes mellitus in the United 
States, representing nearly 8% of the population. Forty-three percent of end-stage kidney 
disease patients in the US have diabetes mellitus, and more than 90% of these diabetics have 
type 2 diabetes; these statistics are similar to the situation in Korea (ESRD Registry 
Committe, 2010). Type 2 diabetes mellitus, hypertension, obesity, and dyslipidemia are 
components of metabolic syndrome and are all major risk factors for cardiovascular disease. 
With the availability of excess food in many parts of the world, obesity is a growing 
problem that is increasing at an alarming rate in adults as well as in children. Obesity 
increases the risk for type 2 diabetes mellitus, cardiovascular disease, cancer, 
musculoskeletal disorders, and pulmonary disease (Kramer, 2006). Although obesity is an 
important risk factor for diabetes and hypertension, the two most common etiologies of 
chronic kidney disease, obesity itself may also potentiate kidney damage.  
The important etiologic factor of metabolic syndrome is insulin resistance, which leads to 
hyperinsulinemia; activation of the renin-angiotensin-aldosterone system (RAAS); increased 
syntheses of transforming growth factor beta 1 (TGF-1), insulin-like growth factor-1 (IGF-1) 
and connective tissue growth factor (CTGF); and collagen production in the kidney. These 
changes cause renal mesangial cell proliferation, extracellular matrix (ECM) expansion and 
renal fibrosis (Sarafidis & Ruilope, 2006). In addition to its proliferative actions in the 
kidney, insulin likely influences renal function at the tubular level because its sodium-
retaining action results in hypertension. Insulin may also contribute to glomerulus injury by 
increasing the glomerular filtration rate (GFR), intraglomerular pressure and urinary 
albumin excretion. Moreover, insulin resistance and hyperinsulinemia are directly 
associated with low endothelial nitric oxide synthesis, altered endothelin-1 secretion and 
high oxidative stress production. Although the kidney is affected by hyperglycemia in 
patients with diabetes mellitus, the role of altered renal lipid metabolism has not yet been 
extensively studied in obesity-related kidney disease, including diabetic nephropathy. 
However, previous reports have revealed that abnormalities in lipid and glucose 
metabolism in the kidney are also important in the development of organ injury, as is 
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adipose tissue (Drury et al., 1950; Rubenstein et al., 1975; Schoolwerth et al., 1988; Stumvoll 
et al., 1997).  
Obesity is a risk factor for the development of hypertensive nephrosclerosis, and focal and 
segmental glomerular sclerosis is considered to be independent risk factors for the 
progression of renal disease. Recent experimental and human clinical trials suggest that 
obesity can influence renal injury through various mechanisms, including hemodynamic 
changes in the glomeruli, alteration of renal lipid metabolism, increased oxidative stress, 
and inflammation via alteration of adipocytokines induced by adipose tissue changes in 
obesity. Additionally, circulating adipocytokines can also positively or negatively influence 
systemic insulin resistance, leading to organ injury and endothelial dysfunction. Recent 
insights about adipose tissue biology suggest that adipose tissue is not an energy storage 
tissue but an active endocrine organ that interacts with major target organs of metabolic 
syndrome, such as the liver, muscles and kidneys. A better understanding of adipose tissue 
biology will help researchers develop new therapeutic strategies for managing metabolic 
syndrome as well as diabetic vascular complications.  

2. Adipose tissue and kidney 
2.1 Adipose tissue as an endocrine organ 
During the development of obesity, multiple functional and structural changes occur in the 
adipose tissue (called “adiposopathy“), such as an increase in the number and size of 
adipocytes, an increase in the infiltration of mononuclear cells, rarefaction of blood vessels, 
and apoptosis (Wellen & Hotamisligil, 2003). Because leptin, the first identified 
adipocytokine, has a systemic effect in the body, adipose tissue is now considered to be an 
active endocrine organ (Zhang et al., 1994). While many adipocytokines have been 
proposed, few have been studied in detail, and even fewer have been investigated in the 
kidney. These adipocytokines include several active molecules released by adipocytes, such 
as leptin, resistin, adiponectin or visfatin, as well as cytokines released by inflammatory 
cells, such as tumor necrosis factor alpha (TNF-), interleukine-6 (IL-6), monocyte 
chemoattractant protein-1 (MCP-1), and interleukine-1 (IL-1). Interestingly, the circulating 
levels of these adipocytokines have been found to be altered in experimental animals and 
patients with kidney disease, which is an independent risk factor for cardiovascular 
diseases. Moreover, the production, secretion and regulatory actions of these proteins are 
not limited only to adipose tissue but are also described in other organ tissues. It is now 
recognized that the kidney itself can alter the clearance of adipocytokines as well as produce 
them. Recent experimental and clinical evidence has demonstrated possible molecules that 
cross-talk between adipose tissue and the kidney in the pathogenesis of obesity-related renal 
disease. 

2.2 Role of leptin in kidney disease 
Leptin is a representative adipocytokine that is primarily produced in adipose tissue and 
that plays an important role in appetite control and regulation of energy expenditure. The 
plasma leptin concentration is positively increased according to the degree of adiposity 
(Friedman & Halaas, 1998), and hyperleptinemia has been reported to be an independent 
risk factor for cardiovascular disease (Ren, 2004; Soderberg et al., 1999). However, recent 
experimental data imply that leptin may directly influence renal function through the small 
isoform of the leptin receptor (Ob-Ra) in the kidney (Wolf & Ziyadeh, 2006). Infusion of 

 
The Role of Adipose Tissue in Diabetic Kidney Disease 

 

275 

leptin in normal rats induced glomerulosclerosis and proteinuria, and transgenic mice 
overexpressing leptin also showed increased renal expressions of fibronectin and type IV 
collagen (Wolf et al., 2002). Several in vitro experiments using glomerular endothelial and 
mesangial cells also demonstrated that leptin stimulates the proliferation of endothelial 
cells, increases glucose uptake into mesangial cells and finally increases the productions of 
TGF-β1 and collagen (Wolf et al., 1999). In addition, leptin plays an important role in the 
progression of atherosclerosis, such as platelet aggregation and thrombosis, production of 
inflammatory cytokines (including TNF- and IL-6) and calcification of vascular smooth 
muscle cells (Konstantinides et al., 2001). Leptin is also associated with sympathetic 
activation and can lead to hypertension and renal injury (Henegar et al., 2001; Kambham et 
al., 2001). Collectively, these data suggest that leptin contributes to the development of renal 
injury through both direct and indirect effects.  

2.3. Role of adiponectin in kidney disease 
Adiponectin is an important anti-diabetic adipocytokine produced in adipose tissue 
(Scherer, 2006). A large body of evidence has shown that adiponectin improves insulin 
sensitivity and exerts an anti-inflammatory effect in vascular cells (Scherer, 2006; Axelsson, 
2008; Goldstein & Scalia, 2004). Adiponectin-null mice show increased susceptibility to 
insulin resistance when fed a high-fat diet, and treatment with adiponectin improves insulin 
sensitivity (Maeda et al., 2002). Studies of the genetic modulation of adiponectin receptors 
also suggest that representative adiponectin receptors 1 and 2 are involved in insulin 
resistance through the activation of AMP-activated protein kinase (AMPK) and peroxisome 
proliferator-activated receptor (PPAR) (Kadowaki et al., 2008; Mao et al., 2006). 
Interestingly, serum levels of adiponectin are lower in obese patients compared with those 
in lean patients (Kanaya et al. 2006; Laughlin et al. 2007). Although the association between 
adiponectin level and renal disease is still controversial, recent clinical studies have reported 
that serum adiponectin and albuminuria levels were inversely correlated (Tsioufis et al., 
2005; Sharma et al., 2008; Yano et al., 2007). Considering that adiponectin is produced in 
adipose tissue and shows an inverse relationship with the amount of adiposity, these 
findings support the possibility of adiponectin as a candidate molecule that connects obesity 
and kidney disease.  
Sharma et al. first reported the link between adiponectin and albuminuria in an adiponectin-
null mouse (Sharma et al., 2008). The C57BL/6 adiponectin-null mouse exhibits albuminuria 
and pathologic changes in foot process effacement of podocytes (Sharma et al., 2008). This 
study observed that podocytes express the adiponectin R1 receptor, and that treatment with 
adiponectin normalized the albuminuria and pathologic changes of the foot process through 
adiponectin stimulation of the AMPK pathway, a key regulator of intracellular energy status 
with potent anti-proliferative and anti-oxidative effects. In addition, renoprotective effects of 
adiponectin have also been reported in the subtotal renal ablation model of adiponectin-
knockout mice (Ohashi et al., 2007). An increase in visceral fat increases the productions of 
proinflammatory adipocytokines, which leads to an increase in oxidative stress in various 
target organs. Furthermore, the increase in adipose tissue oxidative stress results in further 
aggravation of systemic oxidative stress and inflammation, which positively affect the 
development of insulin resistance. Taken together, these data suggest that adiponectin is a 
possible mechanistic link between adipose tissue and renal disease. However, it is not yet 
clear whether adiponectin receptor 2 has a role in obesity-related kidney disease.  
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2.4 Role of visfatin in kidney disease 
Among the adipocytokines, visfatin is a ubiquitous intracellular enzyme; it is also known as 
nicotinamide phosphoribosyltransferase (NAMPT)/pre-B cell colony-enhancing factor 
(PBEF-1). Visfatin is a newly identified adipocytokine that is secreted by adipocytes and that 
mimics insulin in animals (Fukuhara et al., 2005); however, its role in kidney disease is not 
yet known. In humans, early data have suggested that visfatin concentrations are increased 
in patients with type 2 diabetes mellitus (Chen et al., 2006), but that it is not in itself a 
mediator of insulin resistance (Lopez-Bermejo et al., 2006). Plasma visfatin concentrations 
were recently found to increase in patients with diabetes mellitus compared with those in 
healthy control participants (Kang et al., 2010c). These data did not show any significant 
relationships between plasma visfatin concentration and metabolic parameters, including 
the homeostasis model assessment of insulin resistance (HOMA-IR), HbA1c, or body-mass 
index (BMI). However, plasma levels of visfatin were markedly increased in patients with 
diabetic nephropathy irrespective of the stage of nephropathy. Visfatin level was associated 
with systemic inflammatory markers (such as MCP-1), and its levels were positively 
associated with systolic blood pressure, fasting blood glucose and carotid intima-medial 
thickness (IMT). These findings suggest that the plasma concentration of visfatin is elevated 
when inflammatory conditions exist.  
Another experiment reported that plasma concentration of visfatin was increased in animals 
as well as humans during the early stages of diabetic nephropathy in type 2 diabetics (Kang 
et al., 2010d). The present study found that visfatin expression was markedly up-regulated 
in both the glomeruli and proximal tubules of the diabetic kidney. In another experiment, 
the synthesis and physiological action of visfatin in renal cells (such as mesangial cells) were 
studied to investigate the role of visfatin in diabetic nephropathy (Song et al., 2008). Visfatin 
was found to be synthesized in renal mesangial cells as well as adipocytes and stimulated 
glucose uptake in glomerular mesangial cells mediated by glucose transporter-1 (GLUT-1). 
In glomerular podocytes and tubular cells as well as mesangial cells, high glucose 
stimulation up-regulated marked visfatin synthesis but did not increase the response to 
angiotensin II stimulation (Kang et al., 2010d; Song et al., 2008). Exogenous visfatin 
administration induced synthesis of pro-fibrotic molecules, including TGF-β1, PAI-1 and 
type I collagen. Endogenous visfatin produced from renal cells, such as mesangial cells, 
podocytes and tubular cells, seems to stimulate glucose uptake and intracellular metabolic 
abnormalities.  
Hyperglycemia in diabetes is associated with increased glucose uptake into cells and causes 
intracellular metabolic alterations, which are considered an important pathogenesis for 
diabetic microvascular complications. Consistently, previous studies have suggested that 
glucose uptake into mesangial cells promotes mesangial extracellular matrix protein 
accumulation, which is characteristic of diabetic nephropathy (Ayo et al., 1991; Haneda et 
al., 1991; Heilig et al., 1995).  
However, in diabetic animals, exogenous visfatin administration interestingly improved 
diabetic nephropathy (Song et al., 2008). These results were in opposition to previously 
obtained observational data of humans and animals. First, visfatin treatment improved 
urinary albumin excretion in diabetic animals irrespective of plasma glucose concentration. 
Second, dramatic improvements in plasma lipid concentration and insulin resistance were 
observed. Third, visfatin regulated the balance of lipid metabolism in the diabetic kidney as 
well as in the liver and adipose tissue. Several possibilities may explain these paradoxical 
results. Visfatin may have a compensatory effect via both the autocrine and paracrine 
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pathways, resulting in improved insulin resistance and lipid metabolism. Long-term visfatin 
infusion may restore the decreased availability of insulin receptors in the kidney. The next 
possibility is the benefit of a more physiologic route of intra-peritoneal visfatin injection 
compared to vascular infusion, which directly accumulates in the liver and visceral adipose 
tissue (the main organs regulating lipid and glucose metabolism) before achieving adequate 
concentration levels in the systemic circulations of the plasma, heart and kidney. Therefore, 
the secondary beneficial effects (improving insulin resistance and dyslipidemia) of visfatin 
on the kidney may be more effective than the direct renal effects. However, it is equally 
possible that a difference in the models of insulin resistance may have accounted for this 
apparent discrepancy. Despite the paradoxical effect of visfatin in this study, visfatin was 
shown to have beneficial effects on lipid metabolism and insulin resistance in diabetic 
animal experiments (Song et al., 2008). Long-term therapy with intraperitoneal visfatin 
injection eventually induced various organ-protective effects in type 2 diabetic nephropathy. 
Based on these results, visfatin might play some crucial role in the pathogenesis of insulin 
resistance and diabetic nephropathy. 

2.5 Role of Renin-Angiotensin-Aldosterone System (RAAS) 
Several clinical trials of hypertension have demonstrated a lower incidence of diabetes 
mellitus among patients treated with renin-angiotensin-aldosterone system (RAAS) 
inhibitor compared to that of those given other classes of anti-hypertensive drugs (Dahlof et 
al., 2002; Hansson et al., 1999; Yusuf et al., 2000). Although these studies were mostly 
performed among patients with hypertension or congestive heart failure, a relative risk for 
new-onset diabetes mellitus was reduced in patients using RAAS in a meta-analysis of 
randomized controlled trials. Furthermore, the activity of RAAS is also associated with 
metabolic syndrome (Engeli, 2006). These findings suggest that RAAS may have an 
important role in the development of diabetes mellitus. Interestingly, mature adipocytes 
express all components of RAAS, including angiotensinogen, angiotensin-converting 
enzyme and angiotensin type 1 (AT1) and angiotensin type 2 (AT2) receptors (Engeli et al., 
2000). For these reasons, the anti-diabetic effect of RAAS inhibition was recently evaluated, 
and the effects of these drugs on adipocyte function were observed to occur via the 
modulation of adipocytokines (Kang et al., 2010a; Lee et al., 2008). Administration of an AT 
receptor antagonist (ARB) improved insulin resistance simultaneous to an improvement in 
diabetic nephropathy in an animal experiment. ARB augmented lipid accumulation, 
differentiation of adipocytes and improvement in adipocytokine synthesis in type 2 diabetic 
animals. In animals with diabetic nephropathy, ARB improved alterations in renal lipid 
metabolism and subsequently reduced renal cholesterol and triglyceride contents with 
decreased albuminuria. Importantly, in both adipocytes and renal cells, AT2 increased the 
synthesis of pro-inflammatory molecules in adipose tissue, such as plasminogen activator 
inhibitor-1 (PAI-1), MCP-1, and nuclear factor kappa B (NF-B) activation, and then their 
synthesis was suppressed by ARB treatment.  
The mechanisms linking obesity to hypertension are important for identifying specific 
treatments for these patients, and some evidence suggests that obesity is associated with 
increased aldosterone levels. Obesity induces activation of the RAS system in adipose tissue, 
and weight reduction often restores RAS activity to basal levels in lean healthy participants 
(Engeli et al., 2005). Proposed mechanisms for these interesting findings are the role of 
adipose-tissue-derived products called mineralocorticoid stimulating factor (MSF) and free 
fatty acids. An in vitro experiment showed the presence of MSF in conditioned media of 
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adipocytes, which increased the production of aldosterone in cultured adrenal gland cells. 
Increased fatty acid production (especially non-esterified fatty acids) from adipose tissue in 
obese patients might stimulate aldosterone production in the adrenal gland. Metabolic 
syndrome and the cardiovascular and renal abnormalities associated with insulin resistance 
are mediated in part by aldosterone activity on the mineralocorticoid receptor (MR). In 
addition, recent research has shown that aldosterone promotes adipocyte differentiation in 
vitro through specific activation of the MR; a pro-inflammatory role for MR activation in 
adipose tissue has also been reported (Hirata et al., 2009). Patients with primary 
hyperaldosteronism (PA) showed differences in glucose metabolism compared with that of 
essential hypertensive patients; patients with PA have a lower beta-cell function that is 
influenced by aldosterone levels. This association was initially described in individuals with 
primary hyperaldosteronism and impaired glucose tolerance (Conn, 1965). Increased plasma 
aldosterone levels are associated with insulin resistance. It is also of interest that plasma 
aldosterone levels appeared to be positively correlated with plasma glucose levels in 
diabetic rat models of our previous study (Han et al., 2006). Aldosterone impairs lipid 
metabolism and insulin signaling in cardiovascular and renal tissue, as well as in fat, 
skeletal muscle and the liver (Sowers et al., 2009). Since aldosterone is also associated with 
glucose metabolism and dyslipidemia, selective aldosterone blockade may represent a 
particularly attractive therapeutic strategy in obese patients who have a cluster of 
cardiovascular risk factors. 
Recently, a new RAAS inhibitor, direct renin inhibitor (DRI), has been used to manage 
hypertensive patients. While DRI has been primarily been studied in diabetic nephropathy, 
its effects have been extended into insulin resistance and metabolic syndrome in animal 
experiments (Kang et al., 2010a). DRI, which is independent of blood pressure lowering 
effects, showed a beneficial influence on the diabetic vascular complications of renal and 
cardiac injury. More importantly, its direct effect on pro-inflammatory molecules, such as 
MCP-1, TGF-1, type Ⅳ collagen, PAI-1, and vascular endothelial growth factor (VEGF), 
may occur in the presence of target organ injury and not via RAAS activation. Additional 
findings have also revealed that DRI improved lipid parameters and insulin resistance with 
no effect on blood glucose level in the modulation of lipid metabolism in adipose, hepatic 
and renal tissues. Therefore, the RAAS inhibitor improved insulin resistance and lipid 
metabolism via anti-inflammatory actions on adipose tissue and also improved diabetic 
nephropathy. 

2.6 Role of the MCP-1/CCR2 pathway 
The kidney has been regarded as a target organ of critical complications in patients with 
metabolic syndrome, obesity, hypertension, dyslipidemia, and type 2 diabetes mellitus. 
While its important role in altering energy and glucose metabolism has been reported in 
patients with chronic kidney disease (Rubenstein et al., 1975), there is also considerable 
evidence of renal glucose production and utilization in animal models (Drury et al., 1950; 
Mather and Pollock, 2011; Schoolwerth et al., 1988; Stumvoll et al., 1997). The kidney 
contributes to glucose homeostasis through gluconeogenesis, glucose filtration, glucose 
reabsorption, and glucose consumption (Gerich, 2010). The human liver and kidneys release 
approximately equal amounts of glucose via gluconeogenesis in the post-absorptive state. 
Traditionally, pharmacotherapeutic interventions have been aimed at stimulating insulin 
secretion or addressing peripheral insulin resistance. A novel drug class currently being 
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studied targets another pathophysiological process in the kidney of type 2 diabetes mellitus 
(Mather & Pollock, 2010; Neumiller et al., 2010). Therefore, the development of glucose-
lowering drugs involving inhibition of renal glucose reabsorption, such as the sodium-
glucose co-transporter 2 (SGLT2) inhibitor, has recently begun for use in type 2 diabetes 
mellitus. 
The pathophysiology of diabetic nephropathy is multifactorial; it involves metabolic factors 
including hyperglycemia, genetic factors and hemodynamic factors such as hypertension 
and glomerular hyperfiltration (Han et al., 2006; Kang & Cha, 2009; Kang et al., 2009). 
Diabetic nephropathy was initially considered a non-inflammatory glomerular disease, and 
the inflammatory process has been largely ignored as a mechanism of diabetic nephropathy. 
However, recent animal and human clinical studies have provided evidence of the 
important role of inflammation in the development and progression of diabetic 
nephropathy (Han et al., 2010; Han et al., 2006; Ko et al., 2008). Hyperglycemia induces 
monocyte/macrophage infiltration in the kidney and contributes to the deposition of 
fibrotic molecules, which can lead to glomerulosclerosis. Moreover, there is abundant 
experimental evidence that inhibiting macrophage recruitment or macrophage activation 
can ameliorate renal inflammation and fibrosis. The MCP-1/C-C chemokine receptor 2 
(CCR2) pathway has been reported to be an important mediator for inflammatory 
glomerular disease. The act of MCP-1 binding to the CCR2 receptor induces infiltration of 
inflammatory cells and proliferation of resident glomerular cells, such as epithelial and 
endothelial cells (Kato et al., 1999; Viedt et al., 2002). In addition, glomerular podocytes are 
the major glomerular cells that express MCP-1 in various proteinuric conditions, including 
diabetic and membranous nephropathies (Hartner et al., 2005; Prodjosudjadi et al., 1995). 
Blockade or loss of MCP-1 has been shown to provide renoprotective effects in experimental 
diabetic nephropathy (Chow et al., 2006; Kanamori et al., 2007), which suggests an 
influential role of the MCP-1/CCR2 pathway for the inflammatory process in diabetic 
injury. In addition, urinary MCP-1 excretion is increased in patients with early diabetic 
nephropathy, and acute-phase markers of inflammation are associated with the 
nephropathic state in type 2 diabetic patients (Dalla Vestra et al., 2005; Wada et al., 2000). 
However, CCR2, a seven-transmembrane protein-coupled receptor, is a receptor for MCP-1 
and is expressed by monocytes. Local recruitment of monocytes is considered to be the 
predominant mechanism by which MCP-1 contributes to renal damage.  
Many tissues, such as the pancreas, liver, skeletal muscle, heart, and vessels, are adversely 
affected by obesity (Matsuzawa, 2006). Although multiple molecular mechanisms contribute 
to the development of obesity-related complications, recent data (Ferrante, 2007) suggest 
that inflammation, especially that involving monocytes and macrophages, is a central axis in 
the pathophysiology of many obesity-related disorders. Obesity is accompanied by 
infiltration and activation of macrophages in adipose tissue, leading to the chronic 
inflammation of adipose tissue. Adipose tissue has been reported to be an important organ 
of obesity-induced inflammation as determined by measurement of its expressions of pro-
inflammatory molecules (Hotamisligil et al., 1993). Obesity induces phenotypic changes in 
adipocytes, such as hypertrophy, and also induces an inflammatory response in adipocytes 
in an autocrine or paracrine fashion, resulting in impaired adipocyte function, including 
insulin signaling (Hotamisligil et al., 1996).  
Several studies have reported that overexpression of MCP-1 causes macrophage recruitment 
in adipose tissue and insulin resistance (Kamei et al., 2006; Kanda et al., 2006). Adipocytes 
express CCR2, the primary receptor for MCP-1, which causes the expressions of 
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inflammatory genes and impaired uptake of insulin-dependent glucose (Charo & Ransohoff, 
2006). Obese mice with a CCR2 deficiency have shown improved insulin resistance, 
attenuated hepatic steatosis, increased adiponectin expression, and reduced macrophage 
content in adipose tissue when the mice were induced into obesity by a high-fat diet 
(Weisberg et al., 2006). Several CCR2 antagonists also resulted in decreased macrophage 
accumulation in adipose tissue with an accompanying improvement in insulin resistance 
(Kang et al., 2010b; Tamura et al., 2008). These results propose the possibility of an 
expanded role of the CCR2 genotype in adipose and hepatic tissues against insulin 
resistance in metabolic syndrome. Therefore, the MCP-1CCR2 pathway might have an 
important role in insulin resistance with macrophage infiltration into adipose tissue, leading 
to systemic inflammatory and metabolic consequences.  
Considering that inflammation in both adipose tissue and the kidney has an important role 
in insulin resistance and metabolic syndrome, common mechanisms between adipose tissue 
and the kidney should be identified. There may be cross-talk between adipose tissue and the 
kidney with obesity-induced inflammatory injury in metabolic syndrome, particularly in 
diabetic nephropathy. We performed mutual epididymal fat transplantation between 
diabetic and non-diabetic animals to support this hypothesis (Kim et al., 2010). We observed 
that diabetic db/db mice who received epididymal fat from normal db/m mice showed a 
significant decrease in urinary albumin excretion. In addition, there was significant 
improvement in renal pathologic changes, including decreases in TGF-β1, type IV collagen 
and PAI-1 protein expressions. The beneficial effect of non-diabetic epididymal fat 
transposition into diabetic animals supports the possibility of this same type of cross-talk in 
type 2 diabetic nephropathy. Functional and phenotypic changes in adipose tissue in obesity 
might have an impact on renal function through the various mechanisms of metabolic and 
hormonal effects, such as the MCP-1/CCR2 pathway and those of numerous 
adipocytokines. 

2.7 Role of the Vitamin D Receptor (VDR) 
Vitamin D deficiency is known to be related to cardiovascular disease and chronic kidney 
disease. Vitamin D improves albuminuria and the progression of renal injury independent 
of its classic actions (de Zeeuw et al., 2010; Deb et al., 2010; Kang et al., 2010). These animal 
studies provide rationale for treatment with the vitamin D receptor (VDR) agonist, 
paricalcitol, in the improvement of type 2 diabetic nephropathy and lipid metabolism. In the 
present study, there were no differences in the basal characteristics of body weight, fasting 
plasma glucose, HbA1c, glucose tolerance test, insulin tolerance test, serum creatinine level, 
or systolic and diastolic blood pressure. However, paricalcitol improved cardiac left 
ventricular mass index and urinary albumin excretion. Moreover, paricalcitol-treated 
diabetic mice showed improved plasma lipid profiles of total cholesterol, triglycerides and 
LDL cholesterol. Interestingly, cholesterol and triglyceride contents in kidney tissue were 
dramatically decreased by paricalcitol, and a similar result was observed in fat and liver 
tissues. In addition, plasma and urinary 8-isoprostane levels were markedly inhibited by 
paricalcitol treatment. Tissue lipid peroxidase (LPO) levels in kidney, fat and liver tissues 
were significantly improved. Paricalcitol suppressed the pro-inflammatory molecular 
synthesis and improved the morphological changes in renal glomerulosclerosis, hepatic 
steatosis and adipose phenotypic change of diabetic mice. The in vitro experiment with 
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cultured VDR-siRNA mesangial cells revealed changes in gene expression and protein 
synthesis of the enzymes related to the lipid metabolism of fatty acid synthase (FAS), 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-Co AR; inducing cholesterol 
synthesis) and sterol-regulatory element-binding protein-1c (SREBP-1c; inducing cholesterol 
synthesis). Paricalcitol may have a protective effect on diabetic nephropathy through an 
improvement of systemic and tissue lipid metabolism and an anti-oxidative effect. 

3. Conclusions 
The role of the kidney is not only as a target organ during the development of obesity and 
metabolic syndrome, but also as a regulatory organ that cross-talks with adipose tissue. A 
large body of evidence has demonstrated that various adipocytokines, RAAS and VDR of 
the kidney and adipose tissue are associated with one another; alterations of these 
substances can lead to many complications of metabolic syndrome that develop from 
obesity-induced inflammation. Eventually, the improvement of insulin resistance through 
an anti-inflammatory effect on adipose tissue could result in the improvement of diabetic 
nephropathy, which decreases cardiovascular complications in metabolic syndrome. A 
better understanding of adipose tissue biology will help researchers develop a new 
therapeutic strategy to manage metabolic syndrome, including diabetic vascular 
complications. Future studies should focus on the aforementioned potential targets to 
improve insulin resistance as well as diabetic nephropathy. 
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1. Introduction 
Diabetes mellitus is characterized by chronic hyperglycemia with disturbances of 
carbohydrate, fat, and protein metabolism resulting from defects in insulin secretion, insulin 
action, or both (Bennett & Knowler, 2005). The pathophysiology of type 2 diabetes mellitus 
(T2DM) includes three mechanisms: insulin deficiency due to insufficient pancreatic insulin 
production, excessive hepatic glucose release and insulinresistance in peripheral tissues and 
liver (Gurber, 2010). 
Usually, T2DM is associated with a cluster of cardiovascular and metabolic risks including 
obesity (especially abdominal obesity), decreased levels of high-density lipoprotein 
cholesterol (HDL), high levels of triglycerides, elevated blood pressure and silent 
inflammation and diabetes itself is considered to be a cardiovascular disease risk equivalent 
(Task Force on Diabetes and Cardiovascular Diseases of the European Society of Cardiology 
and the European Society for the Study of Diabetes, 2007). Taking into account the fact that 
T2DM is associated with obesity and excess fat accumulation may be the main cause of 
T2DM, one can evaluate the role of the endocannabinoid system (ECS) assessing (1) its role 
in the pathogeny of obesity and (2) the role of ECS on hyperglycemia; this last part can be 
split in (a) the implication of ECS on insulin resistance and (b) its effects on insulin release. 

2. The endocannabinoid system 
ECS is a very important physiological system involved in appetite stimulation, food intake 
and energy balance. Besides its metabolic functions, the ECS has also implications upon 
individual behavior, regarding preferences for sweets or fats, different substances abuses 
etc. 
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2.1 The endocannabinoid system – a historical perspective 
The history of the discovery of the endocannabinoid system is connected to the history of 
the human use of the cannabis. A special note is to be mentioned: at first there were 
discovered the exogenous substances that activate this system and then the receptors and 
finally the endogenous ligands of this system were described. The first evidence about 
human use of the plant Cannabis sativa comes from fragments of pottery from China almost 
10,000 years BC. These fragments appear to have some imprints of a plant that is considered 
to be hemp. Other proofs come from the cloths found in the Chinese burial chambers of the 
Chou dynasty (1122-265 BC). Therefore, the first use of cannabis appears to be for the 
manufacture of cloths, ropes and nets. The first description of the therapeutical effect of 
cannabis are from the Chinese pharmacopoeia Pen-ts’ao, ca. 1-2 century AD (Iversen, 2000). 
Nevertheless, it was only in 1964 when Gaoni and Mechoulam described the structure of 
delta-9-tetrahydrocannabinol (Δ9-THC), the main psychoactive substance found in the 
cannabis plant (Howlett et al., 2004).  
The next step was the identification of specific sites for the action of Δ9-THC. In 1990, 
Matsuda et al. cloned the CB1 receptor, the main receptor for THC binding (Di Marzo, 2006). 
It was obvious that human body did not create cell receptors for exogenous substances only, 
therefore the endogenous ones had to be found. In 1992, Mechoulam and Pertwee 
discovered the first CB1 receptor agonist, anandamide, and they proved its THC-like 
functions. In 1993, Munro et al. cloned the CB2 receptor and two years later Mechoulam et 
al. and Waku et al. independently identified the second endogenous agonist of the 
cannabinoid receptors, 2-arachidonoyglycerol (2-AG). In the same year, Vicenzo di Marzo 
named these endogenous substances “endocannabinoids”, after the name given to 
endorphins and the name given to the entire system derived from here (Di Marzo, 2006).  

2.2 The structure of the endocannabinoid system 
ECS is composed of cannabinoid receptors CB1 and CB2, their endogenous ligands and the 
enzymes which mediate endogenous ligands’ biosynthesis and degradation (Lutz, 2002).  

2.2.1 The cannabinoid receptors 
There were identified two types of cannabinoid receptors until now. CNR1 represents the 
gene coding CB1 and it is localized at 6q14-q15 level. There is a significant similitude 
between the human CB1 and the one identified in rats or in mice and CB1 receptors were 
cloned in other species including fish and invertebrates. This receptor has 472 aminoacids 
and it is a G-protein coupled receptor with seven trans-membrane domains (Demuth & 
Molleman, 2006).  
CB1 receptors are expressed mainly in the brain, but also in other organs involved in 
energetic homeostasis: adipose tissue, liver, gastrointestinal tract, pancreas and skeletal 
muscle. There are several endogenous agonists of the cannabinoid receptors, anandamide 
(N-arachidonylethanolamine) and 2-arachidonoylglycerol (2-AG) being the two main 
important molecules (Demuth & Molleman, 2006). 
ECS is considered to link emotional response to stress with appetite and energy balance and 
it functions like an after stress recovery system which remains inactive in repose physiologic 
conditions. Activation of the central CB1 receptors is believed to modulate satiety and 
increase sensitivity to rewarding stimuli, including food (Eggan & Lewis, 2007). On the 
other hand, activation of CB1 receptors in the adipose tissue and in the liver can regulate 
metabolism and lipids storage (Jbilo et al., 2005). 
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The gene of the CB2 receptor is located on gene 1 at p36.11 level and it codes for a protein 
with 360 aminoacids. It is involved mainly in immunomodulation and its polymorphisms 
have been associated with autoimmune diseases (Sipe et al., 2005) but also with 
osteoporosis. 
Beside the two cannabinoid receptors, there are other possible targets for the cannabinoids: 
vanilloid receptors (transient receptor potential vanilloid type 1 – TRPV1), subtypes of CB1 
receptor, CB2-like receptors and possibly other non-CB1, non-CB2, non-TRPV1 receptors 
that can interact with the cannabinoids (Pertwee, 2005). 

2.2.2 The endocannabinoids and the cannabinoid receptor agonists 
After the discovery of the two types of cannabinoid receptors the subsequent research 
focused on the isolation of the main endogenous substances that interact with these 
substrates. In 1993, anandamide was discovered followed soon after by the isolation of the 
2-arachidonoylglycerol (2-AG) the endogenous compound with the most important 
cannabinoid receptor agonist activity (Lutz, 2002). After their isolation, it was noticed that 
the two substances were synthesized from the cell membrane-derived phospholipids and 
due to their lipophilic structure (Fig. 1), they are not needed to be stored in vesicles like 
other mediators. Anandamide has many biological in vivo and in vitro functions such as the 
activation numerous kinases like p38 mitogen-activated protein kinaze (p38 MAPK), c-Jun 
N-terminal kinase (JNK), protein kinase B, the stimulation of arachidonic acid release, 
appetite stimulation, memory inhibition, pain modulation, vasodilatation, blood pressure 
decrease and neuroprotection (Onaivi et al., 2005). 
 

 
Fig. 1. The structure of anandamide and 2-AG (adapted from Doyle, 2011) 
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the human use of the cannabis. A special note is to be mentioned: at first there were 
discovered the exogenous substances that activate this system and then the receptors and 
finally the endogenous ligands of this system were described. The first evidence about 
human use of the plant Cannabis sativa comes from fragments of pottery from China almost 
10,000 years BC. These fragments appear to have some imprints of a plant that is considered 
to be hemp. Other proofs come from the cloths found in the Chinese burial chambers of the 
Chou dynasty (1122-265 BC). Therefore, the first use of cannabis appears to be for the 
manufacture of cloths, ropes and nets. The first description of the therapeutical effect of 
cannabis are from the Chinese pharmacopoeia Pen-ts’ao, ca. 1-2 century AD (Iversen, 2000). 
Nevertheless, it was only in 1964 when Gaoni and Mechoulam described the structure of 
delta-9-tetrahydrocannabinol (Δ9-THC), the main psychoactive substance found in the 
cannabis plant (Howlett et al., 2004).  
The next step was the identification of specific sites for the action of Δ9-THC. In 1990, 
Matsuda et al. cloned the CB1 receptor, the main receptor for THC binding (Di Marzo, 2006). 
It was obvious that human body did not create cell receptors for exogenous substances only, 
therefore the endogenous ones had to be found. In 1992, Mechoulam and Pertwee 
discovered the first CB1 receptor agonist, anandamide, and they proved its THC-like 
functions. In 1993, Munro et al. cloned the CB2 receptor and two years later Mechoulam et 
al. and Waku et al. independently identified the second endogenous agonist of the 
cannabinoid receptors, 2-arachidonoyglycerol (2-AG). In the same year, Vicenzo di Marzo 
named these endogenous substances “endocannabinoids”, after the name given to 
endorphins and the name given to the entire system derived from here (Di Marzo, 2006).  

2.2 The structure of the endocannabinoid system 
ECS is composed of cannabinoid receptors CB1 and CB2, their endogenous ligands and the 
enzymes which mediate endogenous ligands’ biosynthesis and degradation (Lutz, 2002).  

2.2.1 The cannabinoid receptors 
There were identified two types of cannabinoid receptors until now. CNR1 represents the 
gene coding CB1 and it is localized at 6q14-q15 level. There is a significant similitude 
between the human CB1 and the one identified in rats or in mice and CB1 receptors were 
cloned in other species including fish and invertebrates. This receptor has 472 aminoacids 
and it is a G-protein coupled receptor with seven trans-membrane domains (Demuth & 
Molleman, 2006).  
CB1 receptors are expressed mainly in the brain, but also in other organs involved in 
energetic homeostasis: adipose tissue, liver, gastrointestinal tract, pancreas and skeletal 
muscle. There are several endogenous agonists of the cannabinoid receptors, anandamide 
(N-arachidonylethanolamine) and 2-arachidonoylglycerol (2-AG) being the two main 
important molecules (Demuth & Molleman, 2006). 
ECS is considered to link emotional response to stress with appetite and energy balance and 
it functions like an after stress recovery system which remains inactive in repose physiologic 
conditions. Activation of the central CB1 receptors is believed to modulate satiety and 
increase sensitivity to rewarding stimuli, including food (Eggan & Lewis, 2007). On the 
other hand, activation of CB1 receptors in the adipose tissue and in the liver can regulate 
metabolism and lipids storage (Jbilo et al., 2005). 
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The gene of the CB2 receptor is located on gene 1 at p36.11 level and it codes for a protein 
with 360 aminoacids. It is involved mainly in immunomodulation and its polymorphisms 
have been associated with autoimmune diseases (Sipe et al., 2005) but also with 
osteoporosis. 
Beside the two cannabinoid receptors, there are other possible targets for the cannabinoids: 
vanilloid receptors (transient receptor potential vanilloid type 1 – TRPV1), subtypes of CB1 
receptor, CB2-like receptors and possibly other non-CB1, non-CB2, non-TRPV1 receptors 
that can interact with the cannabinoids (Pertwee, 2005). 

2.2.2 The endocannabinoids and the cannabinoid receptor agonists 
After the discovery of the two types of cannabinoid receptors the subsequent research 
focused on the isolation of the main endogenous substances that interact with these 
substrates. In 1993, anandamide was discovered followed soon after by the isolation of the 
2-arachidonoylglycerol (2-AG) the endogenous compound with the most important 
cannabinoid receptor agonist activity (Lutz, 2002). After their isolation, it was noticed that 
the two substances were synthesized from the cell membrane-derived phospholipids and 
due to their lipophilic structure (Fig. 1), they are not needed to be stored in vesicles like 
other mediators. Anandamide has many biological in vivo and in vitro functions such as the 
activation numerous kinases like p38 mitogen-activated protein kinaze (p38 MAPK), c-Jun 
N-terminal kinase (JNK), protein kinase B, the stimulation of arachidonic acid release, 
appetite stimulation, memory inhibition, pain modulation, vasodilatation, blood pressure 
decrease and neuroprotection (Onaivi et al., 2005). 
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Like anandamide, 2-AG has been found in various concentrations in the brain depending on 
the studied area, age, physiological and pathological conditions. 2-AG has a reduced 
binding activity compared to anandamide but it acts on both cannabinoid receptors and 
only on them. This is why some consider it as the only endogenous agonist of the ECS.  
Among the two substances, other products have been described as acting on the 
cannabinoid receptors. Oleamide, noladin ether (2-arachidonyl glyceryl ether), virodhamine 
and N-arachidonoyl-dopamine (NADA) can bind to one of the cannabinoid receptors. Their 
role in the physiology and physiopathology of the ECS has to be determined. 

2.2.3 The metabolism of the endocannabinoids 
The metabolic pathways of the two best described substances have many common features. 
Both compounds derive from the enzymatic hydrolysis of the products derived from the 
membrane phospholipids. Both substances are released and then taken back into the cell by 
diffusion and they are inactivated by intracellular hydrolysis. There are also some 
differences between the metabolic pathways of the two substances and this explains why the 
levels of these substances can vary depending on different physiological conditions 
(Pertwee, 2005). 
The life cycle of the endogenous cannabinoids is different from the one of the other 
endogenous ligands. Neither anandamide, nor 2-AG is held in vesicles, but they are 
synthesized “on demand” following the Ca2+ influx that determines the activation of the Ca2+-
dependent biosynthetic enzymes (Di Marzo et al., 1998). It was shown that endocannabinoids 
are retrograde signaling molecules that suppress GABA release from presynaptic terminals 
following depolarization of a hippocampal CA1 pyramidal neuron. This process is known as 
depolarization-induced suppression of inhibition (DSI) (Wilson & Nicoll, 2001). The synthesis 
of endocannabinoids is not well understood. The enzymes that mediate this process are still 
being characterized and it is not possible to localize it to a particular subcellular compartment. 
Some studies indicate that the endocannabinoids are released from neuronal somata and 
dendrites (Egertova et al., 1998). Soon after their synthesis in the postsynaptic cell, the 
endogenous cannabinoids are secreted by simple diffusion or passive (energy-independent) 
carrier proteins may be required. Afterwards, they bind within the binding site crevice formed 
by the seven transmembrane helices of CB1 receptor of the presynaptic neuron (Fig. 2). The 
subsequent activation of CB1 by endocannabinoids results in the inhibition of Ca2+ channels in 
the presynaptic cell. Because the release of cationic neurotransmitters from vesicles (in the 
presynaptic cell) is Ca2+-dependent, activation of CB1 results in the suppression of 
neurotransmitter release (Onaivi et al., 2005). 
Little is known also about the subsequent events following receptor interaction. It has been 
proposed that endocannabinoids are released into the extracellular space and then 
transported by a specific transport protein on both neurons and glia that mediate 
endocannabinoid uptake (Piomelli et al., 1998). It has also been shown that an antagonist of 
this transporter, AM404, potentiates the effect of exogenous anadamide on cultured 
neurons. After being transported into the cell, anadamide is subsequently broken down into 
arachidonic acid and ethanolamine by a membrane-bound enzyme called fatty acid amide 
hydrolase (FAAH) (Di Marzo et al., 1998; Piomelli et al., 1998) that is localized to the 
endoplasmic reticulum (Fig. 3). An alternative mechanism proposed by Deutsch et al. is that 
anandamide uptake after receptor interaction is a process of simple diffusion (Glaser et al., 
2003). The same authors indicated that transport inhibitors such as AM404 are actually 
inhibitors of FAAH in vitro. The mechanism of action for 2-AG appears to be similar. 
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the presynaptic cell. Because the release of cationic neurotransmitters from vesicles (in the 
presynaptic cell) is Ca2+-dependent, activation of CB1 results in the suppression of 
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this transporter, AM404, potentiates the effect of exogenous anadamide on cultured 
neurons. After being transported into the cell, anadamide is subsequently broken down into 
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endoplasmic reticulum (Fig. 3). An alternative mechanism proposed by Deutsch et al. is that 
anandamide uptake after receptor interaction is a process of simple diffusion (Glaser et al., 
2003). The same authors indicated that transport inhibitors such as AM404 are actually 
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Fig. 3. The uptake and degradation of anandamide 

2.2.4 The biology of cannabinoid signaling 
Retrograde synaptic signaling is considered a fundamental feature of the nervous system 
and endocannabinoids are one of the classes of retrograde messengers involved in the 
regulation of synaptic transmission. Thus, endocannabinoids mediate the rapid retrograde 
suppression of both excitatory and inhibitory synapses. Functionally, endocannabinoids are 
released from depolarized postsynaptic neurons in a calcium-dependent manner and act 
retrogradely onto presynaptic CB receptors to suppress neurotransmitter release. 
CB1 and CB2 receptors are coupled with G protein, negatively to adenylate cyclase and 
positively to mitogen-activated PK. CB1R couples to the G protein signal transduction 
pathways in presynaptic nerve terminals and transduces the cannabinoid stimulation of 
MAP kinase and the inhibition of adenylate cyclase, thereby attenuating the production of 
cyclic AMP. CB1Rs are also coupled to ion channels through G proteins, positively to A-type 
and inwardly rectifying potassium channels, and negatively to N-type and P/Q-type 
calcium channels and to D-type potassium channels (Howlett and Mukhopadhyay, 2000). 
The quantity of cAMP decreases and cAMP-dependent PK (PKA) is inhibited by CB1R 
activation. In the absence of cannabinoids, PKA phosphorylates the potassium channel 
protein and exerts decreased outward potassium current. In the presence of cannabinoids 
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the phosphorylation of the channel by PKA is reduced, which increases the outward 
potassium current. Moreover, cannabinoids can close sodium channels, but whether or not 
this effect is receptor mediated has yet to be established. Other cellular responses triggered 
with CB1 receptor activation include other PK pathways such as the p38 MAKP, JUN N-
terminal kinase, (JNK), focal adhesion kinase (FAK), and phosphoinositide-3 kinase (Akt) 
signaling, which might mediate effects on apoptosis (Molina-Holgado et al., 2002). 
Acting on ion channels, the endocannabinoids mediate the rapid retrograde suppression of 
both excitatory and inhibitory synapses. Functionally, they are released from depolarized 
postsynaptic neurons in a calcium-dependent manner and act retrogradely onto presynaptic 
CBRs to suppress neurotransmitter release. 

3. The role of ECS in obesity 
The pathophysiological role of ECS has been documented on numerous studies involving 
animal models and also humans. Some of the animals used in the studies developed obesity 
as a result of leptin gene or leptin receptor gene mutations and others presented diet-
induced obesity (DIO). These are the two main representative types of obesity: genetic or 
diet-induced.  
It has been described that ECS plays an important role in the regulation o food intake by 
homeostatic and non-homeostatic (or hedonic) energy regulation pathways (Matias et al., 
2008).  
It was noticed that hypothalamic levels of endocannabinoids were increased in all models of 
leptin deficiency or defective leptin receptors signaling. This study proved the negative 
regulation of endocannabinoids by leptin. Moreover, leptin treatment for these mice leads to 
an important reduction of endocannabinoids levels (Engeli, 2008). It was also proved that 
hypothalamic endocannabinoid levels are decreased after systemic leptin administration in 
rats, and increased in rodent models of congenital hyperphagia and obesity, such as db  db 
mice and Zucker rats, where leptin signalling is defective, as well as in ob  ob mice, where 
leptin biosynthesis is defective and exogenous leptin can restore the normal (low) levels of 
endocannabinoids. 
DIO also has an impact on ECS regulation. There were found increased levels of 
anandamide after feeding piglets a diet enriched in long-chain polyunsaturated fatty acids 
(LC-PUFA) like arachidonic acid and docosahexaenoic acid (DHA). These models also 
presented CB1 receptor downregulation in hypothalamus and the authors explained it as a 
result of increased levels of anandamide and 2-AG in extra-hypothalamic regions. Lower 
CB1 density was correlated with cumulative energy intake from the palatable, fat-enriched 
diet. In contrast, a fish-oil diet was associated with reduced 2-AG levels in the brain (Engeli, 
2008). 
After food deprivation, endocannabinoids act on CB1 receptors stimulating the central 
orexigenic system in the hypothalamus, therefore, controlling the homeostatic regulation of 
food imbalance (Di Marzo et al., 2001). Besides that, ECS may stimulate food intake by 
reinforcing the motivational processes involving the nucleus accumbens (Matias et al., 2008). 
Endocannabinoids, directly injected in the hypothalamus or the nucleus accumbens, can 
induce food-intake in satiated animals (Cota et al., 2006). Therefore, it appears that the ECS 
participates in the orexigenic hypothalamic network regulated by leptin. Moreover, CB1 
receptors are distributed in the hypothalamus in a way suggesting that they regulate 
directly the expression of orexigenic signals such as agouti-related protein (AGRP), orexins 
and melanocyte-concentrating hormone (MCH) or anorexic signals such as those produced 
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from pro-opiomelanocortin (POMC) and the cocaine-and amphetamine-regulated transcript 
(CART) (Cota et al., 2003). 
The ECS is implicated in adipose tissue homeostasis also directly via CB1 receptors located 
in adipocytes. Cota et al. were the first that suggested the implication of ECS in energy 
balance regulation by acting directly on peripheral CB1 receptors (Cota et al., 2003). Many 
researchers started their work to discover the peripheral mode of action of the ECS as a 
system that reduces energy expenditure and directs energy balance towards energy storage 
into the adipose tissue. Other organs involved in the process of energy storage are the liver, 
the skeletal muscle and the pancreas. It is well known that dietary triglycerides are 
transported to the liver from the intestine via chylomicrons. In addition, hepatic triglyceride 
synthesis from fatty acids and glycerol takes place under the influence of insulin produced 
by the pancreas in the postprandial state. Triglycerides are then secreted into blood as very 
low density lipoproteins (VLDL) that go either to the adipose tissue to be store as re-
esterified triglycerides, or are metabolized into fatty acids that will be used as energy source 
after mitochondrial β-oxidation. Another major energy source in the body is represented by 
the oxidisable glucose in the skeletal muscle. The muscle will contribute to energy balance 
also by regulating the circulating levels of nutrients, and in particular of glucose, which can 
also be transformed into fatty acid precursors in the adipose tissue and the liver.  
Several studies demonstrated the presence of endocannabinoid receptors in both animal and 
human adipose tissue. CB1 receptors are present in white adipose tissue and coupled to 
stimulation of lipoprotein lipase. These findings suggested that the ECS tonically contributes 
to fat accumulation, independently from the amount of food ingested and by acting directly 
on the adipose tissue. Studies carried out in the mouse 3T3 adipocyte cell lines showed that 
the blockade of CB1 receptors arrests adipocyte proliferation (Gary-Bobo et al., 2006), 
suggesting that endocannabinoids might stimulate proliferation. Moreover the formation of 
endocannabinoids precedes pre-adipocyte differentiation into mature adipocytes and  
chronic stimulation of CB1 receptors during adipocyte differentiation accelerates the 
appearance of an early marker of differentiation, peroxisome proliferator- activated 
receptor-γ (PPAR-γ), while inducing accumulation of lipid droplets (Matias et al., 2006). 
Cota et al. showed that CB1 receptor null mice exhibited significantly lower amounts of fat 
mass and higher amount of lean mass than wild-type mice even when fed with the same 
amount of food (Matias et al., 2008). Also, CB1 receptor protein expression increased with 
increasing adipocyte size and adiposity while exercise training inhibited these receptors and 
the peroxisome proliferators-activated receptor-δ (PPARδ). PPARδ tonically inhibits the 
expression of CB1 in a mouse clonal adipocyte cell line (Yan et al., 2007). When speaking of 
human studies, one study showed increased levels of anandamide and 2-AG in the plasma 
of menopausal obese women when compared with lean women of the same age (Engeli, 
2008). Anandamide and 2-AG were increased in plasma of obese subjects with diabetes too. 
In a study that compared lean and obese men and women with either subcutaneous or 
visceral adipose tissue accumulation, 2-AG plasma levels were clearly correlated with 
visceral adipose tissue mass and the group with subcutaneous adipose tissue did not differ 
from the lean control group with regard to 2-AG plasma concentration (Bluher et al., 2006). 
The same study indicated that women had higher anandamide plasma levels than men, but 
no relationship with obesity or body fat distribution was found. Another study to support 
these findings was performed in 62 men and the subjects in the highest tertile of 2-AG levels 
presented with markedly increased visceral adipose tissue mass despite having almost the 
same body mass index as those in the lower two tertiles of plasma 2-AG. On the other hand, 
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anandamide was negatively correlated with visceral fat mass (Cote et al., 2007). Both studies 
showed that increased plasma 2-AG correlates with markers of metabolic syndrome (such as 
free fatty acids, triglycerides, HDL cholesterol, adiponectin), and is associated with 
decreased insulin sensitivity and enhanced glucose and insulin responses during an oral 
glucose load.  
While the role of the brown adipose tissue in humans is less clear, it is known that it 
importantly contributes to thermogenesis and energy expenditure in small mammals. CB1 
receptors are also present in mouse brown adipocytes (Perwitz et al., 2006) and the 
endocannabinoids might, therefore, regulate thermogenesis in this tissue. It has been 
demonstrated that CB1 inhibits the uncoupling protein-1 (UCP-1), a thermogenic, 
mitochondrial, proton translocating membrane protein (Perwitz et al., 2006). 
Another mechanism may involve adiponectin, which is a cytokine that reduces the 
circulating levels of free fatty acids by inhibiting lipid storage stimulating fatty acid 
oxidation. It was proved that stimulation of CB1 receptors inhibits adiponectin expression in 
mature adipocyte while their blockade was associated with increased adiponectin 
expression (Matias et al., 2008). It is possible for CB1 receptors to induce lipogenesis by 
inhibition of cAMP formation. Matias et al. (Matias et al. 2006) found that, in mature 
adipocytes, a CB1 receptor agonist inhibited cAMP formation in a way that was significantly 
attenuated by CB1 receptor antagonists but not by a CB2 receptor antagonist. Inhibition of 
cAMP and, subsequently, protein kinase A (PKA) might stimulate lipogenesis by inhibiting 
the AMP-activated protein kinase (AMPK). This enzyme is stimulated by PKA-mediated 
phosphorylation and plays a key role in energy metabolism because it reduces fatty acid 
synthesis and stimulates fatty acid β-oxidation in several tissues. Interestingly, other studies 
demonstrated that Δ9- THC decreases AMPK phosphorylation both in subcutaneous and, 
particularly, visceral adipose tissue (Kola et al., 2005). Because adiponectin stimulates 
AMPK activity, the CB1-mediated inhibition of adiponectin expression in adipocytes might 
reinforce this effect (Matias et al. 2006). 
Another way for ECS-enhanced lipogenesis in adipocytes might be through their ability to 
stimulate glucose uptake by these cells via the enhancement of both basal and insulin-
induced translocation to the plasma membrane of the glucose transporter 4 (GLUT4) 
(Gasperi et al., 2007; Pagano et al., 2007). In mouse adipocytes this effect seems to be 
mediated by CB1-induced stimulation of nitric oxide synthesis (Gasperi et al., 2007), while in 
human adipocytes CB1 activates the phosphatidylinositol-3-kinase cascade (Pagano et al., 
2007). Increased glucose uptake and, subsequently, glycolysis might be the way for de novo 
fatty acid biosynthesis, and this effect might underlie part of the pro-lipogenetic effect of 
CB1 receptor agonists in these cells (Matias et al., 2008). 
A few studies tried to determine the effect of weight loss on ECS in obese subjects (Engeli et 
al., 2005, Engeli et al., 2008). Unfortunately, in all these studies, circulating anandamide and 
2-AG, CB1 and FAAH gene expression in subcutaneous abdominal adipose tissue, were not 
influenced by weight loss, although metabolic parameters such as fasting insulin and blood 
pressure were significantly decreased as surrogates of successful therapy. The authors 
explained that weight loss might not have been large or fast enough and that, probably with 
a more rigid protocol, an influence on the ECS might have been seen. If weight loss does not 
influence the ECS in obese subjects, an alternative hypothesis is that genetic modifications 
could be the cause of dysregulation of the ECS in obesity. 
There were several studies concerning the mutations of the CNR1 gene that encodes CB1 
receptor. Russo et al. analyzed two variants of exon 4 of CNR1, scanning the gene for 
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from pro-opiomelanocortin (POMC) and the cocaine-and amphetamine-regulated transcript 
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balance regulation by acting directly on peripheral CB1 receptors (Cota et al., 2003). Many 
researchers started their work to discover the peripheral mode of action of the ECS as a 
system that reduces energy expenditure and directs energy balance towards energy storage 
into the adipose tissue. Other organs involved in the process of energy storage are the liver, 
the skeletal muscle and the pancreas. It is well known that dietary triglycerides are 
transported to the liver from the intestine via chylomicrons. In addition, hepatic triglyceride 
synthesis from fatty acids and glycerol takes place under the influence of insulin produced 
by the pancreas in the postprandial state. Triglycerides are then secreted into blood as very 
low density lipoproteins (VLDL) that go either to the adipose tissue to be store as re-
esterified triglycerides, or are metabolized into fatty acids that will be used as energy source 
after mitochondrial β-oxidation. Another major energy source in the body is represented by 
the oxidisable glucose in the skeletal muscle. The muscle will contribute to energy balance 
also by regulating the circulating levels of nutrients, and in particular of glucose, which can 
also be transformed into fatty acid precursors in the adipose tissue and the liver.  
Several studies demonstrated the presence of endocannabinoid receptors in both animal and 
human adipose tissue. CB1 receptors are present in white adipose tissue and coupled to 
stimulation of lipoprotein lipase. These findings suggested that the ECS tonically contributes 
to fat accumulation, independently from the amount of food ingested and by acting directly 
on the adipose tissue. Studies carried out in the mouse 3T3 adipocyte cell lines showed that 
the blockade of CB1 receptors arrests adipocyte proliferation (Gary-Bobo et al., 2006), 
suggesting that endocannabinoids might stimulate proliferation. Moreover the formation of 
endocannabinoids precedes pre-adipocyte differentiation into mature adipocytes and  
chronic stimulation of CB1 receptors during adipocyte differentiation accelerates the 
appearance of an early marker of differentiation, peroxisome proliferator- activated 
receptor-γ (PPAR-γ), while inducing accumulation of lipid droplets (Matias et al., 2006). 
Cota et al. showed that CB1 receptor null mice exhibited significantly lower amounts of fat 
mass and higher amount of lean mass than wild-type mice even when fed with the same 
amount of food (Matias et al., 2008). Also, CB1 receptor protein expression increased with 
increasing adipocyte size and adiposity while exercise training inhibited these receptors and 
the peroxisome proliferators-activated receptor-δ (PPARδ). PPARδ tonically inhibits the 
expression of CB1 in a mouse clonal adipocyte cell line (Yan et al., 2007). When speaking of 
human studies, one study showed increased levels of anandamide and 2-AG in the plasma 
of menopausal obese women when compared with lean women of the same age (Engeli, 
2008). Anandamide and 2-AG were increased in plasma of obese subjects with diabetes too. 
In a study that compared lean and obese men and women with either subcutaneous or 
visceral adipose tissue accumulation, 2-AG plasma levels were clearly correlated with 
visceral adipose tissue mass and the group with subcutaneous adipose tissue did not differ 
from the lean control group with regard to 2-AG plasma concentration (Bluher et al., 2006). 
The same study indicated that women had higher anandamide plasma levels than men, but 
no relationship with obesity or body fat distribution was found. Another study to support 
these findings was performed in 62 men and the subjects in the highest tertile of 2-AG levels 
presented with markedly increased visceral adipose tissue mass despite having almost the 
same body mass index as those in the lower two tertiles of plasma 2-AG. On the other hand, 
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anandamide was negatively correlated with visceral fat mass (Cote et al., 2007). Both studies 
showed that increased plasma 2-AG correlates with markers of metabolic syndrome (such as 
free fatty acids, triglycerides, HDL cholesterol, adiponectin), and is associated with 
decreased insulin sensitivity and enhanced glucose and insulin responses during an oral 
glucose load.  
While the role of the brown adipose tissue in humans is less clear, it is known that it 
importantly contributes to thermogenesis and energy expenditure in small mammals. CB1 
receptors are also present in mouse brown adipocytes (Perwitz et al., 2006) and the 
endocannabinoids might, therefore, regulate thermogenesis in this tissue. It has been 
demonstrated that CB1 inhibits the uncoupling protein-1 (UCP-1), a thermogenic, 
mitochondrial, proton translocating membrane protein (Perwitz et al., 2006). 
Another mechanism may involve adiponectin, which is a cytokine that reduces the 
circulating levels of free fatty acids by inhibiting lipid storage stimulating fatty acid 
oxidation. It was proved that stimulation of CB1 receptors inhibits adiponectin expression in 
mature adipocyte while their blockade was associated with increased adiponectin 
expression (Matias et al., 2008). It is possible for CB1 receptors to induce lipogenesis by 
inhibition of cAMP formation. Matias et al. (Matias et al. 2006) found that, in mature 
adipocytes, a CB1 receptor agonist inhibited cAMP formation in a way that was significantly 
attenuated by CB1 receptor antagonists but not by a CB2 receptor antagonist. Inhibition of 
cAMP and, subsequently, protein kinase A (PKA) might stimulate lipogenesis by inhibiting 
the AMP-activated protein kinase (AMPK). This enzyme is stimulated by PKA-mediated 
phosphorylation and plays a key role in energy metabolism because it reduces fatty acid 
synthesis and stimulates fatty acid β-oxidation in several tissues. Interestingly, other studies 
demonstrated that Δ9- THC decreases AMPK phosphorylation both in subcutaneous and, 
particularly, visceral adipose tissue (Kola et al., 2005). Because adiponectin stimulates 
AMPK activity, the CB1-mediated inhibition of adiponectin expression in adipocytes might 
reinforce this effect (Matias et al. 2006). 
Another way for ECS-enhanced lipogenesis in adipocytes might be through their ability to 
stimulate glucose uptake by these cells via the enhancement of both basal and insulin-
induced translocation to the plasma membrane of the glucose transporter 4 (GLUT4) 
(Gasperi et al., 2007; Pagano et al., 2007). In mouse adipocytes this effect seems to be 
mediated by CB1-induced stimulation of nitric oxide synthesis (Gasperi et al., 2007), while in 
human adipocytes CB1 activates the phosphatidylinositol-3-kinase cascade (Pagano et al., 
2007). Increased glucose uptake and, subsequently, glycolysis might be the way for de novo 
fatty acid biosynthesis, and this effect might underlie part of the pro-lipogenetic effect of 
CB1 receptor agonists in these cells (Matias et al., 2008). 
A few studies tried to determine the effect of weight loss on ECS in obese subjects (Engeli et 
al., 2005, Engeli et al., 2008). Unfortunately, in all these studies, circulating anandamide and 
2-AG, CB1 and FAAH gene expression in subcutaneous abdominal adipose tissue, were not 
influenced by weight loss, although metabolic parameters such as fasting insulin and blood 
pressure were significantly decreased as surrogates of successful therapy. The authors 
explained that weight loss might not have been large or fast enough and that, probably with 
a more rigid protocol, an influence on the ECS might have been seen. If weight loss does not 
influence the ECS in obese subjects, an alternative hypothesis is that genetic modifications 
could be the cause of dysregulation of the ECS in obesity. 
There were several studies concerning the mutations of the CNR1 gene that encodes CB1 
receptor. Russo et al. analyzed two variants of exon 4 of CNR1, scanning the gene for 
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polymorphisms rs12720071 (3813A/G) and rs806368 (4895A/G), in a study carried out on a 
group of European men. The results indicated that allele 3813G was associated with the 
growth of abdominal circumference (AC), subscapular cutaneous skinfold and body mass 
index (BMI). There have been observed no associations between rs806368 polymorphism 
and the determined variables. The haplotype’s analysis consisted in the studying of 3 
frequent haplotypes: A3813A4895 (AA), A3813G4895 (AG) and G3813G4895 (GG), 
haplotype GG being associated with the increase of the abdominal circumference and 
subscapular cutaneous skinfold (Russo et al., 2007).  
The polymorphism rs1049353 (1422A/G) was associated in men with a significant increase 
of the abdominal circumference, waist to hip ratio and of adipose mass after the adjustment 
for age and BMI. Adipose mass percent was also associated with this polymorphism but the 
association disappeared after the adjustment for age and BMI (Peters et al., 2007). Another 
study carried out on Swedish and Danish subjects indicated that polymorphisms rs806381, 
rs2023239, rs6454674 and rs10485170 associated with an increased BMI (Benzinou et al., 
2008).  
 

 
Fig. 4. The role of ECS in energy balance (adapted after Matias et al., 2008). 

Muller et al. studied 8 polymorphisms in German children and adolescents: in region 5' 
(rs9353527, rs754387, rs6454676), in intron 2 (rs806379, rs1535255), exon 3 (rs2023239), intron 
3 (rs806370) and in coding region (rs1049353), but they couldn’t find any association with 
obesity (Muller et al., 2007). 
Probably the most important proofs, that ECS is involved in obesity, come from the studies 
using selective CB1 receptors antagonists such as Rimonabant, where a significant reduction 
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of body fat was noticed. The Rimonabant in Obesity (RIO) study indicated that 1 year 
treatment with selective CB1 receptor antagonist, rimonabant 20mg, significantly reduced 
weight and abdominal circumference compared with diet and lifestyle therapy alone (Di 
Marzo et al., 2008). The figure 4 describes the ways by which ECS controls the energy 
balance. 

4. The role of ECS in insulin sensitive organs 
Adipose tissue. It is well known that adipose tissue is, beside the major energy depot, a very 
important source of adipokines that play a major role in insulin sensitivity and glucose 
homeostasis and the role of the ECS in modulating the adipose tissue was already discussed. 
Adiponectin is one of the adipokines involved in free fatty acid oxidation and 
hyperglycemia improvement (Kadowaki et al., 2006). It was already mentioned that 
overactivation of ECS is associated with low adiponectin levels and dysregulation of the 
adipose tissue. 
Liver. Activation of CB1 receptors in mice leads to increased de novo fatty acid synthesis. 
One of the studies concerning the role of the ECS in the liver demonstrated, in rat 
hepatocytes, that anandamide inhibits acetyl-CoA-carboxylase activity leading to inhibition 
of de novo fatty acid synthesis. Furthermore, fatty acid oxidation was found to be increased 
since carnitine palmitoyltransferase-1 and the rate of ketogenesis from palmitate were 
stimulated by anandamde. Both effects on fatty acid synthesis and oxidation were prevented 
by an inhibitor of the anandamide enzymatic hydrolysis via FAAH (Guzman et al., 1995). 
This study, that presents the role of arachidonic acid originating from anandamide in 
stimulating the oxidation of fatty acids and inhibiting their synthesis, is of a great 
importance.  
Activation of CB1 receptors in the liver also affects fatty acid homeostasis: CB1 receptors are 
expressed in hepatocytes, mainly around the centrilobular vein, and CB1-- mice exhibit 
lower expression of the important transcription factor SREBP-1c that is implicated in the 
regulation of fatty acid synthesis (Osei-Hyiaman et al., 2005). Activation of CB1 receptors in 
the liver enhances the expression of SREBP-1c and of its targets. These effects may explain 
the stimulatory effect of a CB1 receptor agonist on fatty acid synthesis and lipogenesis in 
these cells. Measurement of the fatty acids production in the liver after pretreatment of mice 
with a cannabinoid receptor agonist indicated a twofold increase of fatty acid synthesis 
(Osei-Hyiaman et al., 2005). An increase of fatty acids synthesis was also noticed in 
hepatocytes isolated from mice and treated with tge same CB1 agonist. The increase in fatty 
acids synthesis was found neither in the liver nor in isolated hepatocytes from mice 
pretreated with rimonabant or CB1 receptor knockout (CB1--) mice. These mechanisms 
explain the lipogenetic action of CB1 receptors in these cells.  
A great observation was that CB1-- mice, unlike their wild-type littermates, do not develop 
hepatic steatosis after several weeks of a high-fat diet, a condition that leads to up-
regulation of both hepatic anandamide and CB1 expression levels and down-regulation of 
FAAH.  
In conclusion, the possible mechanism explaining the role of the ECS in the liver is the 
following: under normal energy homeostatic conditions, the low levels of CB1 receptors and 
high levels of FAAH increase the arachidonic-acid-mediated stimulation of fatty acid 
oxidation by anandamide. After several weeks of a high-fat diet the reduction of FAAH 
activity and the enhancement of CB1 receptors favour instead anandamide and CB1-
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mediated hepatic lipogenesis (Matias et al., 2008). It is possible for the endocannabinoids to 
exert a function on glucose homeostasis in the liver also in healthy animals, because a CB1 
receptor blocker was proven to stimulate glycogenolysis in liver in lean normoglycemic rats 
(Herling et al., 2007).  
As it was mentioned, ECS might contribute o the development of diet induced obesity, 
which is found to be associated with an increase in the hepatic levels of the 
endocannabinoid anandamide and CB1-mediated fatty acid synthesis in mice (Nogueiras et 
al., 2008). 
Muscle. One of the evidences of the involvement of the ECS in energy expenditure at the 
level of the skeletal muscle came from the observation that blood anandamide levels were 
significantly elevated in runners and cyclists but not in sedentary controls following 1h of 
moderate intensity exercise (Sparling et al., 2003). Other studies indicated that CB1 receptor 
knockout mice had higher energy expenditure, probably due to the energy combustion 
produced by fat or carbohydrate oxidation. Recent studies demonstrated that administration 
of a CB1 receptor antagonist increased energy expenditure in rats. A study about the chronic 
administration of rimonabant showed enhanced glucose uptake and oxidation by the 
isolated soleus muscle of genetically obese mice (Liu et al., 2005). Moreover, another study 
indicated that the very low density of CB1 receptors in the mouse soleus muscle increases 
when the animals are kept on a high-fat diet (Pagotto et al., 2006). Another study that dealed 
with the effect of a CB1 receptor antagonist AM251 in an in vitro model of skeletal muscle, 
indicated that this one increases the expression of AMPKα1 and decreases that of the 
pyruvate dehydrogenase kinase-(PDK)4 (Cavuoto et al., 2007). More importantly, 
anandamide blocked only the effect of AM251 on the expression of AMPKα1, and not that 
on PDK4, suggesting that only the former effect, and the subsequent likely activation of 
lipolysis and fatty acid oxidation, of the CB1 receptor antagonist is CB1 receptor-mediated. 
PDK4 is known as an important inhibitor of the pyruvate dehydrogenase complex, which 
links glycolysis to ATP production and to the Krebs cycle and its inhibition by AM251 might 
stimulate glucose flux into the mitochondria and cause an increase of glucose oxidation in 
the muscle. The opposite is expected to occur with endocannabinoids (Cavuoto et al., 2007). 
In leptin-deficient mice that exhibit hyperglycemia and insulinresistance, treatment with 
selective CB1 receptors antagonists increased basal oxygen consumption and glucose uptake 
in isolated soleus muscle preparations (Liu et al., 2005). 

5. The ECS in the pancreas 
Several findings suggest that ECS in involved not only in glucose uptake but also in the 
control of insulin levels. In pancreatic islets from mice, it was noticed that CB1 receptors are 
mainly expressed in non-β cells whereas CB2 are expressed in both β and non-β (Juan-Pico 
et al., 2006). There were seen differences between mice and rats, while in rats and humans 
both CB1 and CB2 receptors were noticed in both α- and β-cells (Matias et al., 2008; Di 
Marzo, 2008).  
Juan-Pico et al. (Juan-Pico et al., 2006) observed co-localization of CB1 receptors with 
glucagons predominantly but some co-staining with insulin was also noticed particularly in 
human islets. Nakata and Yada (Nakata & Yada, 2008) observed co-localization of CB1 
receptor with insulin in some but not all β-cells in mouse islets. Another study of Starowicz 
et al. indicated that CB1 receptors are highly co-expressed with glucagon in both mice and 
rats with a wider distribution of the CB2R throughout more of the islet cell types (Starowicz 
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et al., 2008). On the other hand, Li et al. (Li et al., 2010a) showed co-expression of both CB1 
and CB2 receptors with insulin but not with glucagons expressing cells in the mouse. A 
possible explanation for all these contrasting results came from a recent publication that 
proved that many commercial CB1 receptor antibodies exhibit nonspecific interactions 
(Grimsey et al., 2008). 
There is evidence for the expression in the pancreatic islet of all the molecules requested for 
the synthesis and degradation of the endocannabinoids (Bermudez-Silva et al., 2008). In 
conditions of hyperglycemia, over-expression of biosynthetic endocannabinoid enzymes 
and low levels of degrading enzymes was noticed. 
In insulinoma cell lines from rats and also humans islets there were noticed increased levels 
of the endocannabinoids in response to glucose stimulation (Bermudez-Silva et al., 2008). It 
is known that β-cells are depolarized and they release of calcium in response to glucose-
stimulated insulin release. Therefore, the increased calcium levels stimulate their synthesis 
in the β-cells. 
Two studies (Juan-Pico et al., 2006; Nakata & Yada, 2008) observed a decrease in the 
amplitude of glucose-induced calcium oscillations in mouse islets in response to treatment 
with 2-AG (10mmol/l) and anandamide (1mmol/l). A decrease in calcium oscillations 
would be expected to adversely affect insulin secretion. Juan-Pico et al. noticed a 30% 
reduction in static insulin secretion by the endocannabinoids and Nakata and Yada 
observed a concentration-dependent inhibition of insulin release by AEA (1–10mmol/l) in 
mouse islets. Moreover, Nakata and Yada also noticed a decrease in glucose-induced 
calcium oscillations and insulin secretion in response to a more specific CB1 receptor 
agonist. The same authors also showed that a general CB1/CB2 receptor agonist and a 
specific CB1 receptor agonist, arachidonyl-2-chloroethylamide (ACEA) (100 nmol/l) 
significantly decreased insulin secretion from mouse islets. All these initial in-vitro 
experiments in rodents indicate that endocannabinoids and CB1 receptor agonists have 
deleterious effects on insulin secretion.  
Li et al. (Li et al., 2010a,b) showed that treatment with ACEA (10mmol/l) decreased cAMP 
production in a mouse clonal β-cell and mouse islets. However this same group showed a 
concurrent increase in calcium levels in, and insulin secretion from, mouse b-cells in 
response to these cannabinoid receptor agonists in the presence of glucose (Doyle, 2011).  
The apparent contradiction to the previous published results and to the fact that cAMP and 
calcium oscillations following glucose-stimulated insulin secretion are highly 
interdependent and amplify each other (Ni et al., 2011) was explained by the same author by 
stating that the stimulatory effect of cannabinoid receptor agonism on intracellular calcium 
levels overrides the inhibitory effect on cAMP production (Doyle, 2011). 
Because ECS appears to modulate glucose homeostasis in both glucose dependent insulin 
release and glucose uptake from tissues pathways, studies to evaluate the glucose 
homeostasis in vivo were performed. Systemic stimulation of CB1 receptors in lean 
normoglycemic rats determined slower blood glucose clearance while activation of CB2 
receptors improved glucose clearance (Matias et al., 2008).  
When anandamide or ACEA were administered acutely to Wistar rats prior to a glucose 
tolerance test, the rats developed severe glucose intolerance (Bermudez-Silva, 2006). The 
effect was reversed by the CB1 receptor antagonist AM251, suggesting direct effect on 
glucose tolerance through this receptor. In this study, the authors did not measure insulin 
secreted during the glucose tolerance test so it can not be estimated the direct effect on 
insulin secretion (Doyle, 2011). In another study, they examined glucose tolerance in 
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response to specific CB1 and CB2 receptors agonists and antagonists and they confirmed the 
specific effect of the CB1 receptor on glucose intolerance with CB2 receptor imparting a 
degree of glucose tolerance (Bermudez-Silva et al., 2008).  
Subchronic administration (18 days) of AM251 (6 mg/kg, interperitoneal) decreased 
circulating plasma glucose and increased glucose tolerance after a glucose load in ob/ob 
mice (Irwin et al., 2008). 
Other studies observed that CB1 stimulation increased insulin secretion. Interestingly, CB1 
agonists also enhanced glucagons release from human alpha cells and CB2 agonists reduce 
both insulin and glucagon release (Di Marzo, 2008). The possible explanation was that CB1 
receptors inhibit glucose expenditure by inhibiting insulin utilization in skeletal muscle but 
enhancing it in the adipose tissue for energy storage into fats (Matias et al. 2008). 
 

 
Fig. 5. The major mechanisms by which over-activation of ECS may lead to T2DM 

The major evidence that dysregulated ECS is involved in glucose homeostasis comes from 
the clinical studies using CB1 receptor antagonists treatment. The Rimonabant in Obesity 
(RIO) study indicated that 1 year treatment with selective CB1 receptor antagonist, 
rimonabant 20mg, significantly reduced weight and abdominal circumference compared 
with diet and lifestyle therapy alone. The RIO-Lipids trial showed that subjects with 
dyslipidaemia and body mass index between 27 and 40kg/m2 exhibited significant increase 
in HDL-cholesterol, reduction in plasma triacylglycerol and increase in plasma adiponectin 
levels. The RIO-Diabetes trial enrolled 1045 overweight/obese subjects with T2DM that 
received treatment with metformin or sulfonylurea treatment alone. The subjects receiving 
rimonabant showed significant body weight reduction improvement in glucose control. 
Approximately 50% of the improvements in HbA1c levels were independent of weight loss 
(Di Marzo, 2008). The results can be attributed in part to a reduction in insulin resistance in 
the liver, fat and skeletal muscle, and an increase in lipolysis and direct effects also on the 
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pancreatic β-cell cannot be ruled out (Van Gaal et al., 2008). In October 2008, rimonabant 
was withdrawn from market in Europe and it was not approved for use in the USA due to 
the severe psychiatric side-effects including anxiety, depression, and suicidal ideation 
(Doyle, 2011). 
The main mechanisms explaining the implication of the ECS in the pathogeny of T2DM are 
represented in Figure 5. 

6. Future perspectives 
Unfortunately, the withdrawal of rimonabant, due to the psychiatric side affects, diminished 
the interest for investigating the role of ECS in the pathogeny of T2DM. 
But as previous studies and RIO trials indicated, the ECS has an important role in the 
pathogeny of T2DM and obesity proving the fact that it represents a physiological system 
implicated in energy storage, contributing together with other genes and systems at the 
“thrifty phenotype” that can lead to pathological conditions like T2DM and diabetes when 
over-activated.  
 

 
Fig. 6. The possible ways for targeting the ECS (adapted from Patti et al., 2010) 

Nevertheless, emerging evidence supported the idea that interrupting endocannabinoid 
action selectively only in peripheral tissues may be an approach to treat the metabolic 
consequences of obesity and related diseases, including type 2 diabetes, without causing the 
undesirable CNS effects that occurred with rimonabant. The studies of Tam and colleagues 
brought back the attention to the ECS (Tam et al., 2010). Tam et al. first developed a CB1 
antagonist (AM6545) that retained binding activity but could not penetrate the brain due to 
its reduced lipid solubility (Tam et al., 2010). Therefore, it could not block the CB1 receptors 
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in the CNS. Remarkably, acting only on peripheral CB1 receptors AM6545 reduced body 
weight and adiposity in mice with diet-induced obesity and also improved systemic 
metabolism, as indicated by reduced fasting glucose, improved glucose tolerance, reduced 
insulin and leptin levels, increased adiponectin levels, and reduced hepatic triglyceride 
content in mice with diet-induced obesity (Patti et al., 2010) (Figure 6). The potency of 
AM6545 was a bit smaller probably due to additional centrally mediated effects of 
rimonabant on food intake or metabolism. 
The discovery of the ECS represents a great step towards better understanding the 
pathogeny of obesity and T2DM. Due to its numerous interactions with other physiological 
systems, it remains an important target for the future treatments of T2DM and not only. In 
order to clearly elucidate the role of this system and for the development of peripheral 
selective, nonbrain penetrant, CB1 receptor antagonists, future studies are needed. 
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1. Introduction 
Dietary fatty acids have been traditionally viewed as substrates for the generation of high-
energy molecules and as precursors for the biosynthesis of macromolecules. However, 
accumulating data from multiple lines of evidence suggest that dietary fatty acids are linked 
to the pathogenesis of type 2 diabetes, which involves abnormalities in both insulin 
secretion and action (Lopez et al., 2010). 
Dietary fatty acids are absorbed into epithelial cells of the small intestine, are assembled into 
nascent triglyceride-rich lipoproteins, enter the bloodstream, and are transported to 
peripheral tissues. Therefore, the main physiological — but sometimes pathological — 
contribution to plasma triglycerides and tissue fatty acids, in terms of both quantity and 
quality, occurs during the postprandial period (Miles & Nelson, 2007). Acute elevation in 
plasma triglycerides, which may produce local elevation of fatty acids in beta-cells, is related 
to the increase of glucose-induced insulin secretion (Lopez et al., 2008; Lopez et al., 2010). 
Adipose tissue serves as a triglyceride storage site and, when necessary, stored triglycerides 
in adipocytes can be hydrolyzed by their adipose triglyceride and hormone-sensitive lipases 
to release fatty acids into the bloodstream. Excessive rates of lipid turnover have been 
shown to precede the development of type 2 diabetes in subjects with a family history of 
type 2 diabetes and nondiabetic obese individuals (Cusi, 2009). Decreased insulin sensitivity 
in adipose tissue is characterized by the increase of lipolysis and plasma fatty acid levels 
despite hyperinsulinemia, and impaired suppression of plasma fatty acid levels by insulin. 
This elevation in the plasma fatty acids, if chronic, induces a decrease in hepatic and skeletal 
muscle insulin sensitivity and detrimental effects on beta-cell function, which has been 
referred to as lipotoxicity (Giacca et al., 2011). Here, we review studies in insulin-secreting 
cell lines, islet cells, animal models, and human beings that have informed our current 
understanding of the mechanistic links among dietary fatty acids, beta-cell function, and 
insulin sensitivity. 

2. Types of major dietary fatty acids 
A fatty acid is a carboxylic acid that often has a long unbranched aliphatic chain. Fatty acids 
are divided into SFA and unsaturated fatty acids based on structural and chemical 
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properties (Fig. 1). SFA do not contain any double bonds or other functional groups along 
the chain, which is fully saturated with hydrogen atoms. Palmitic acid (16:0) is composed of 
16 carbon atoms and is the principal SFA in the diet. SFA is found chiefly in animal 
products, including meats and dairy foods, but is also found in some plant sources, 
including coconut, cottonseed, and palm kernel oils. MUFA are unsaturated fatty acids that 
contain one pair of carbon atoms linked by a cis double bond. The major dietary MUFA is 
oleic acid (18:1n-9), which has 18 carbon atoms with the double bond occurring 9 carbon 
atoms away from the methyl end of the fatty acid molecule. Oleic acid is the primary 
component of olive oil, but also can be found in hazelnut, canola, and peanut oils. A carbon 
chain that contains two or more cis double bonds with the first double bond located 
between the third and fourth or sixth and seventh carbon atom from the methyl end of the 
fatty acid molecule characterises the families of n-3 or n-6 PUFA. These families cannot be  
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Fig. 1. The structure of the most significant dietary fatty acids. 

Beyond Dietary Fatty Acids as Energy Source: A Point of  
View for the Prevention and Management of Type 2 Diabetes 

 

313 

synthesised by the human body (double bonds can be introduced into all positions of the 
fatty acid chain except for the n-3 and n-6 positions) and must be obtained from the diet 
either as alpha-linolenic acid (18:3n-3) and linoleic acid (18:2n-6), or their long-chain PUFA 
derivatives (Das, 2006). Of these fatty acids, eicosapentaenoic acid (20:5n-3), 
docosahexaenoic acid (22:6n-3), dihomo-gamma linolenic acid (20:3n-6), and arachidonic 
acid (20:4n-6) are the most metabolically significant. While conversion of linoleic acid to 
dihomo-gamma linolenic acid and arachidonic acid is typically very efficient, conversion of 
alpha-linolenic acid to eicosapentaenoic acid and docosahexaenoic acid is much less so 
(Brenna et al., 2009). This fact has particular importance in people with compromised alpha-
linolenic acid availability or conversion enzyme activity. Therefore, not only alpha-linolenic 
acid and linoleic acid but also long-chain n-3 PUFA should be considered as essential fatty 
acids. Linoleic acid and alpha-linolenic acid can be found in vegetable oils, linoleic acid in 
safflower, sunflower, soybean, maize, and cottonseed oils, and alpha-linolenic acid in 
flaxseed, blackcurrant, walnut, rapeseed, and soybean oils. Eicosapentaenoic acid and 
docosahexaenoic acid are abundant in cold-water fatty fish, including herring, sardines, 
mackerel, salmon, tuna, and shellfish. 
Requirements in MUFA, n-3 and n-6 PUFA are satisfied by the diet. MUFA can be 
synthesised from acetyl-CoA within mammalian tissues. However, it is unclear whether the 
entire MUFA requirement can be met by de novo metabolic machinery. MUFA, and 
specifically oleic acid, represent one of the core components of the Mediterranean diet 
(mainly due to the liberal use of virgin olive oil), which represents a prototypical dietary 
model associated with a long life expectancy and a low occurrence of chronic diseases, 
including type 2 diabetes (Lopez-Miranda et al., 2010). 

3. Dietary fatty acids on insulin secretion 
3.1 Acute and long-term in vitro or animal studies 
Pancreatic beta-cells can respond to dietary fatty acids at the metabolic, signal transduction 
and transcriptional levels to promote or attenuate beta-cell function or survival (Torres et al., 
2009). The ability of fatty acids to acutely induce insulin secretion spans a remarkably broad 
range, increasing and decreasing with chain length and degree of unsaturation, respectively. 
Oleic acid elicits half the insulinotropic potency of palmitic acid in perfused rat pancreas. 
Furthermore, acute exposure of rat insulinoma INS-1 cells to oleic acid enhances insulin 
production and even reverses the inhibitory effect of TNF-alpha (Vassiliou et al., 2009). This 
output of insulin from beta-cells can be mediated by different metabolic processes, which 
are activated once the fatty acids reach the cytoplasm and/or bind to cell surface platforms, 
including G protein-coupled receptor 40 (GPR40) (Morgan & Dhayal, 2009) and fatty acid 
translocase FAT/CD36 (Wallin et al., 2010). On the contrary, long-term (chronic) exposure of 
human islet cells to palmitic acid impairs glucose-stimulated insulin secretion, reduces 
insulin gene transcription and induces beta-cell apoptosis (lipotoxicity) (Giacca et al., 2011), 
whereas oleic acid is cytoprotective for beta-cells and even attenuates the proapoptotic 
effects of palmitic acid (Morgan, 2009). There are a growing number of proposed 
mechanisms regarding the toxicity of palmitic acid in beta-cells, ranging from physical and 
chemical rearrangement of lipid stores to transcriptional regulation of lipogenic genes 
(Poitout et al., 2009). Endoplasmic reticulum (ER) homeostasis is particularly affected by a 
sustained hypersecretory activity of beta-cells to fatty acids (Cnop et al., 2010). Other effects 
include direct ER Ca2+ depletion, an increase in phosphorylation of the ER Ca2+ sensor 
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protein kinase R-like ER kinase (PERK), and an increase in the protein level of transcription 
factor C/EBP-homologous protein (CHOP) (Gwiazda et al., 2009). Palmitic acid-induced 
INS-1 beta-cell death involves the activation of the stress-related C-Jun N-terminal kinase 
(JNK) pathway through Toll-like receptor 4 (TLR4) (Lee et al., 2011). It is notable that the 
precise mechanisms by which oleic acid antagonizes the deleterious effects of palmitic acid 
in beta-cells remain unknown. 
In a mouse model of haploinsufficiency of beta-specific glucokinase (Gck+/-), where animals 
have a normal beta-cell mass but impair insulin secretion in response to glucose, dietary 
linoleic acid was recently found to exacerbate beta-cell ER stress and apoptosis (Shirakawa 
et al., 2011). An increase in CHOP-positive nuclei and terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick-end labelling (TUNEL)-positive apoptotic nuclei were observed 
in pancreatic beta-cells of Gck+/- mice fed a diet rich in sucrose and linoleic acid, when 
compared with a diet rich in sucrose and oleic acid. These effects were not evident in 
euglycemic wild-type or insulin receptor substrate-1 deficient (IRS-I-/-) mice, indicating that 
hyperglycemia amplifies fatty acid-induced beta-cell ER stress and lipotoxicity. Likewise, 
the expression levels of CHOP, activating transcription factor 4 (ATF-4), and cleaved 
caspase-3, and the Bax/Bcl-2 ratio significantly increase in pancreatic islets from wild-type 
mice or stably transformed insulinoma cell line MIN6 when exposed to linoleic acid or 
palmitic acid in comparison with oleic acid in the presence of high-glucose concentration. 

3.2 Human postprandial studies: saturated fatty acids versus monounsaturated fatty 
acids 
Exaggerated postprandial hypertriglyceridemia is an inherent feature of diabetic 
dyslipidemia and is frequently found even in diabetic patients with normal fasting 
triglycerides (Tentolouris et al., 2008). Such phenomena would be consistent with studies 
linking SFA-rich meals to dysfunctions in insulin secretion and the frequency of type 2 
diabetes (Misra et al., 2010). It is probable that MUFA, PUFA, and SFA could compete at the 
level of the beta-cell (Fig. 2). The islet tissue, which expresses LPL, could access triglycerides 
from postprandial triglyceride-rich lipoproteins (TRL) as a source of free fatty acids, in 
which case, the type and concentration of the fatty acid in the immediate vicinity of the beta-
cells is likely to be dependent on the nature of the dietary fatty acids (Lopez et al., 2010). As 
indicated above, the input of fatty acids into the beta-cell can be mediated by cell surface 
platforms (GPR40 and FAT/CD36), but apoE-dependent and independent recognition sites 
could also cooperate with LPL to selectively remove postprandial TRL and to immediately 
generate intracellular fatty acids via catabolic pathways (Lass et al., 2011; von Eckardstein & 
Sibler, 2011). 
When compared to SFA (i.e., palmitic acid)-rich meals, MUFA (i.e., oleic acid)-rich meals 
induce a lower early postprandial insulin response in healthy subjects (Lopez et al., 2008). 
These findings are consistent with the notion that in comparison with palmitic acid, oleic 
acid might moderate the compensatory hyperactivity of beta-cells in the postprandial state, 
although whether this maintenance of glucose tolerance during feeding periods could 
prevent or delay the development of overt type 2 diabetes remains to be elucidated. 
Fasting hypertriglyceridemia results from either overproduction of triglycerides by the liver, 
impaired lipolysis, or a combination of both. In hypertriglyceridemic patients, the 
overproduction of triglycerides is disproportionately greater than the increase in apoB100 
production, resulting in the formation of large triglyceride-rich VLDL particles (Caslake & 
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Packard, 2004). Obesity and insulin resistance result in increased hepatic supply of fatty 
acids and overproduction of triglycerides. Insulin inhibits VLDL production in an effort to 
reduce the postprandial triglyceride response to a high-fat meal. A recent randomised and 
within-subject crossover study in volunteers who were newly diagnosed with type IIb or IV 
hyperlipoproteinemia revealed that postprandial beta-cell function is buffered with MUFA 
when compared to SFA (Lopez et al., 2011), therefore extending the relationship between 
MUFA-rich meals and the benefits on postprandial glucose homeostasis observed in 
subjects with normal fasting triglyceride levels (Lopez et al., 2008) to a population of 
subjects with high fasting triglyceride levels. 
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Fig. 2. The potential impact of dietary fatty acids on beta-cell function in the postprandial 
state. 

4. Dietary fatty acids on insulin sensitivity 
4.1 Long and short-term human controlled studies 
Long-term habitual dietary fatty acids also relates to insulin sensitivity. However, food-
frequency questionnaires do not provide reliable estimates of absolute amounts of dietary 
fatty acids, which may in part explain the inconsistency of long-term studies linking dietary 
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et al., 2011). An increase in CHOP-positive nuclei and terminal deoxynucleotidyltransferase-
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mice or stably transformed insulinoma cell line MIN6 when exposed to linoleic acid or 
palmitic acid in comparison with oleic acid in the presence of high-glucose concentration. 
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diabetes (Misra et al., 2010). It is probable that MUFA, PUFA, and SFA could compete at the 
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from postprandial triglyceride-rich lipoproteins (TRL) as a source of free fatty acids, in 
which case, the type and concentration of the fatty acid in the immediate vicinity of the beta-
cells is likely to be dependent on the nature of the dietary fatty acids (Lopez et al., 2010). As 
indicated above, the input of fatty acids into the beta-cell can be mediated by cell surface 
platforms (GPR40 and FAT/CD36), but apoE-dependent and independent recognition sites 
could also cooperate with LPL to selectively remove postprandial TRL and to immediately 
generate intracellular fatty acids via catabolic pathways (Lass et al., 2011; von Eckardstein & 
Sibler, 2011). 
When compared to SFA (i.e., palmitic acid)-rich meals, MUFA (i.e., oleic acid)-rich meals 
induce a lower early postprandial insulin response in healthy subjects (Lopez et al., 2008). 
These findings are consistent with the notion that in comparison with palmitic acid, oleic 
acid might moderate the compensatory hyperactivity of beta-cells in the postprandial state, 
although whether this maintenance of glucose tolerance during feeding periods could 
prevent or delay the development of overt type 2 diabetes remains to be elucidated. 
Fasting hypertriglyceridemia results from either overproduction of triglycerides by the liver, 
impaired lipolysis, or a combination of both. In hypertriglyceridemic patients, the 
overproduction of triglycerides is disproportionately greater than the increase in apoB100 
production, resulting in the formation of large triglyceride-rich VLDL particles (Caslake & 
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Packard, 2004). Obesity and insulin resistance result in increased hepatic supply of fatty 
acids and overproduction of triglycerides. Insulin inhibits VLDL production in an effort to 
reduce the postprandial triglyceride response to a high-fat meal. A recent randomised and 
within-subject crossover study in volunteers who were newly diagnosed with type IIb or IV 
hyperlipoproteinemia revealed that postprandial beta-cell function is buffered with MUFA 
when compared to SFA (Lopez et al., 2011), therefore extending the relationship between 
MUFA-rich meals and the benefits on postprandial glucose homeostasis observed in 
subjects with normal fasting triglyceride levels (Lopez et al., 2008) to a population of 
subjects with high fasting triglyceride levels. 
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Fig. 2. The potential impact of dietary fatty acids on beta-cell function in the postprandial 
state. 

4. Dietary fatty acids on insulin sensitivity 
4.1 Long and short-term human controlled studies 
Long-term habitual dietary fatty acids also relates to insulin sensitivity. However, food-
frequency questionnaires do not provide reliable estimates of absolute amounts of dietary 
fatty acids, which may in part explain the inconsistency of long-term studies linking dietary 
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fatty acids with beneficial or detrimental effects on glucose metabolism. There is only 
consensus that a fatty acid pattern associated with decreased insulin sensitivity is 
characterized by high consumption of palmitic acid. The diversity of dietary fatty acids is 
reflected in plasma lipids and tissues. For example, the fatty acid composition in adipose 
tissue partially reflects the consumption of dietary fatty acids over a considerable time, but 
also reflects the activities of enzymes responsible for fatty acid synthesis, desaturation, and 
elongation. In a recent observational study, palmitic acid in adipose tissue was negatively 
linked to insulin sensitivity in a large community-based cohort of elderly men (Iggman et 
al., 2010). It was also found a positive association between oleic acid, linoleic acid, and 
alpha-linolenic acid in adipose tissue and insulin sensitivity. Furthermore, decreased insulin 
sensitivity and type 2 diabetes are related to increased pancreatic cancer risk. A positive 
association of palmitic acid intake, mainly from red meat and dairy products, with 
pancreatic cancer has been recently described in men and women after a mean of 6.3 years 
of follow up (Thiebaut et al., 2009). 
Despite the reasonable replacement for SFA in terms of risk factor for chronic diseases in 
general and type 2 diabetes in particular are MUFA, because the consumption of n-3 and n-6 
PUFA is limited to less than 10% of the total daily calories, most studies have involved n-3 
and n-6 PUFA for investigating the association between long and short-term dietary fatty 
acid consumption and insulin sensitivity. There is no clear evidence to suggest that n-3 
PUFA improve insulin sensitivity in humans. Very high doses of n-3 PUFA may even 
impair insulin sensitivity in subjects with type 2 diabetes (Mostad et al., 2006). However, 
after only 5 weeks, the insulin sensitivity is improved in volunteers (healthy, obese, and 
type 2 diabetics) when SFA are replaced by n-6 PUFA (Summers et al., 2002). Similar 
findings are observed in overweight individuals after substitution of SFA with MUFA 
(Lovejoy et al., 2002). 
The mechanisms by which dietary fatty acids influence insulin sensitivity have been 
previously reviewed (Riserus, 2008). The fatty acid composition of cell membrane may be 
affected by dietary fatty acids, and then cell membrane functions, e.g., translocation of 
glucose transporters, membrane fluidity, ion permeability, and/or insulin receptor 
binding/affinity. Dietary fatty acids can also improve hepatic insulin sensitivity by 
suppressing lipogenic gene expression and hepatic lipogenesis, and stimulating hepatic 
fatty acid oxidation. SFA, palmitic acid in particular, have a contrary effect. Different 
observational studies suggest that the level of palmitic acid intake may even independently 
predict type 2 diabetes (Hodge et al., 2007). 

4.2 Human postprandial studies: saturated fatty acids versus monounsaturated fatty 
acids 
Dietary fatty acid quality, rather than quantity, has been suggested to acutely influence 
insulin sensitivity in humans (Lopez et al., 2010). Compensatory hyperinsulinemia due to 
enhanced beta-cell function is considered to be an obligate accompanying feature in insulin 
resistance syndromes (Reaven, 2005). Euglycemic clamps or frequently sampled intravenous 
glucose tolerance tests are the reference methods to determine beta-cell sensitivity to glucose 
and the sensitivity of body tissues to insulin (Cobelli et al., 2007). However, these tests are 
far from physiological because insulin secretion or activity is only measured in the steady-
state. Empirical and model-based indices based on the oral glucose tolerance test (OGTT) 
provide a reasonable approximation of postprandial beta-cell function and whole-body 
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insulin sensitivity (Bartoli et al., 2011). An important caveat of the OGTT is that the events 
associated with the ingestion of a pure glucose solution are not wholly equivalent to the 
numerous metabolic events associated with eating a mixed high-fat meal when both 
carbohydrates and fatty acids are ingested. 
It has been hypothesised that insulin resistance syndromes might be a postprandial 
phenomenon linked to the acute metabolism of dietary fatty acids (Pedrini et al., 2006). 
When mixed high-fat meals with different proportions of dietary fatty acids are 
administered to healthy subjects, they become less insulin resistant postprandially as the 
proportion of MUFA to SFA, and oleic acid to palmitic acid, in dietary fatty acids increase 
(Lopez et al., 2008). In subjects who were newly diagnosed with type IIb or IV 
hyperlipoproteinemia, postprandial insulin sensitivity is also improved with MUFA when 
compared to SFA (Lopez et al., 2011). Furthermore, with regard to resistance to insulin-
mediated glucose disposal, SFA (i.e., palmitic acid) was found to stimulate additional 
insulin secretion to maintain postprandial glucose homeostasis, suggesting a mechanism of 
lipid-induced deterioration of insulin sensitivity coupled with compensatory insulin 
secretion that is distinctively modulated by dietary fatty acids. 

5. Conclusion 
Dietary fatty acids are nutrient signals that play a relevant role in modulating insulin 
secretion and action. SFA, particularly palmitic acid, are associated with damage of glucose-
stimulated insulin secretion and lipotoxicity in beta-cells and with decline of insulin 
sensitivity. MUFA, particularly oleic acid, are cytoprotective for beta-cells, even attenuate 
the cytotoxic effects of palmitic acid, and improve insulin sensitivity in comparison with 
SFA. PUFA, either of n-3 or n-6 family, do not confer additional benefit over MUFA. 
Therefore, efforts to promote the consumption of MUFA in place of SFA should be relevant 
as part of a dietary lifestyle strategy to prevent or manage type 2 diabetes. 
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fatty acids with beneficial or detrimental effects on glucose metabolism. There is only 
consensus that a fatty acid pattern associated with decreased insulin sensitivity is 
characterized by high consumption of palmitic acid. The diversity of dietary fatty acids is 
reflected in plasma lipids and tissues. For example, the fatty acid composition in adipose 
tissue partially reflects the consumption of dietary fatty acids over a considerable time, but 
also reflects the activities of enzymes responsible for fatty acid synthesis, desaturation, and 
elongation. In a recent observational study, palmitic acid in adipose tissue was negatively 
linked to insulin sensitivity in a large community-based cohort of elderly men (Iggman et 
al., 2010). It was also found a positive association between oleic acid, linoleic acid, and 
alpha-linolenic acid in adipose tissue and insulin sensitivity. Furthermore, decreased insulin 
sensitivity and type 2 diabetes are related to increased pancreatic cancer risk. A positive 
association of palmitic acid intake, mainly from red meat and dairy products, with 
pancreatic cancer has been recently described in men and women after a mean of 6.3 years 
of follow up (Thiebaut et al., 2009). 
Despite the reasonable replacement for SFA in terms of risk factor for chronic diseases in 
general and type 2 diabetes in particular are MUFA, because the consumption of n-3 and n-6 
PUFA is limited to less than 10% of the total daily calories, most studies have involved n-3 
and n-6 PUFA for investigating the association between long and short-term dietary fatty 
acid consumption and insulin sensitivity. There is no clear evidence to suggest that n-3 
PUFA improve insulin sensitivity in humans. Very high doses of n-3 PUFA may even 
impair insulin sensitivity in subjects with type 2 diabetes (Mostad et al., 2006). However, 
after only 5 weeks, the insulin sensitivity is improved in volunteers (healthy, obese, and 
type 2 diabetics) when SFA are replaced by n-6 PUFA (Summers et al., 2002). Similar 
findings are observed in overweight individuals after substitution of SFA with MUFA 
(Lovejoy et al., 2002). 
The mechanisms by which dietary fatty acids influence insulin sensitivity have been 
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affected by dietary fatty acids, and then cell membrane functions, e.g., translocation of 
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numerous metabolic events associated with eating a mixed high-fat meal when both 
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It has been hypothesised that insulin resistance syndromes might be a postprandial 
phenomenon linked to the acute metabolism of dietary fatty acids (Pedrini et al., 2006). 
When mixed high-fat meals with different proportions of dietary fatty acids are 
administered to healthy subjects, they become less insulin resistant postprandially as the 
proportion of MUFA to SFA, and oleic acid to palmitic acid, in dietary fatty acids increase 
(Lopez et al., 2008). In subjects who were newly diagnosed with type IIb or IV 
hyperlipoproteinemia, postprandial insulin sensitivity is also improved with MUFA when 
compared to SFA (Lopez et al., 2011). Furthermore, with regard to resistance to insulin-
mediated glucose disposal, SFA (i.e., palmitic acid) was found to stimulate additional 
insulin secretion to maintain postprandial glucose homeostasis, suggesting a mechanism of 
lipid-induced deterioration of insulin sensitivity coupled with compensatory insulin 
secretion that is distinctively modulated by dietary fatty acids. 

5. Conclusion 
Dietary fatty acids are nutrient signals that play a relevant role in modulating insulin 
secretion and action. SFA, particularly palmitic acid, are associated with damage of glucose-
stimulated insulin secretion and lipotoxicity in beta-cells and with decline of insulin 
sensitivity. MUFA, particularly oleic acid, are cytoprotective for beta-cells, even attenuate 
the cytotoxic effects of palmitic acid, and improve insulin sensitivity in comparison with 
SFA. PUFA, either of n-3 or n-6 family, do not confer additional benefit over MUFA. 
Therefore, efforts to promote the consumption of MUFA in place of SFA should be relevant 
as part of a dietary lifestyle strategy to prevent or manage type 2 diabetes. 
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1. Introduction 
Approximately 25.8 million Americans (8.3% of the population) are currently living with 
diagnosed (18.8 million) or undiagnosed (7.0 million) diabetes (World Health Organization, 
2011), most of whom are type 2 in pathology. An additional 79 million Americans are 
estimated to have pre-diabetes (World Health Organization, 2011). Unfortunately, the 
overall prevalence of these conditions continues to rise, as indicated by the 1.9 million newly 
diagnosed cases of diabetes in 2010 within people aged 20 years and older (World Health 
Organization, 2011). A similar situation presents itself within other nations around the 
world, with an estimated 220 million individuals currently living with diabetes (World 
Health Organization, 2011). 
The onset and progression of diabetic disorders, as well as the related complications, are 
linked to impairments in glucose and lipid metabolism (O'Keefe & Bell, 2007), both of which 
are strongly associated with increased production of reactive oxygen and nitrogen species 
(RONS) (Ceriello & Motz, 2004; Fisher-Wellman & Bloomer, 2009b). Increased RONS 
production coupled with impaired antioxidant defense (a common finding among patients 
with diabetes) promotes oxidation of specific biomolecules (e.g., lipids, proteins, DNA), 
which can lead to an exacerbation of diabetic complications (Giacco & Brownlee, 2010). 
While variables such as blood glucose and blood triglycerides have traditionally been 
measured in a fasted state, increasing evidence suggests that measurement of postprandial 
glycemia, lipemia, as well as oxidative stress biomarkers, may provide more important 
clinical information concerning an individual’s susceptibility to both type 2 diabetes 
mellitus (T2DM) onset and disease progression—as well as related conditions (O'Keefe & 
Bell, 2007; Pastromas et al., 2008).  
For example, increased postprandial oxidative stress has been implicated in the 
pathophysiology of diabetes (Wright et al., 2006) and cardiovascular disease (Ceriello, 2004), 
which may be linked to the strong association between the postprandial rise in blood 
glucose and triglycerides and the generation of RONS. Moreover, randomized controlled 
trials indicate that reducing postprandial triglycerides appears to slow atherosclerotic 
progression and may improve long-term cardiovascular prognosis (O'Keefe & Bell, 2007). 
Therefore, methods to reduce the postprandial rise in glycemia and lipemia may help to 
prevent oxidative stress related complications in T2DM patients.  
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Drugs to treat hyperglycemia (e.g., sulfonylureas) and hyperlipidemia (e.g., statins) have 
been reported in some studies to promote favorable outcomes related to minimizing the 
postprandial rise in blood glucose and triglycerides (Nakajima, 2010; O'Keefe et al., 2011). 
However, non-pharmacological approaches also exist and have been discussed previously 
(Davi et al., 2010; Tucker et al., 2008). In particular, both acute and chronic exercise, as well 
as specific nutrient intake (e.g., certain macronutrients, antioxidants, glucose regulatory and 
insulin mimetic agents, lipid lowering agents) or proscription (e.g., saturated fat and simple 
sugar) may be considered in an attempt to minimize postprandial oxidative stress.  
Specific to the above, exercise and selective nutrient intake may aid in attenuating 
postprandial oxidative stress in three distinct ways. First, exercise stimulates an increase in 
endogenous antioxidant enzyme activity and other protective mechanisms (e.g., heat shock 
proteins (Geiger & Gupte, 2011)). Exogenous antioxidant intake in the form of whole foods 
and nutritional supplements may provide additional protection against RONS production 
following a meal (Neri et al., 2005; Neri et al., 2010). Second, exercise improves blood 
glucose clearance via enhanced glucose-4-transport protein (GLUT 4) translocation and 
protein content (McGee & Hargreaves, 2006; Rockl et al., 2008), as well as enhanced insulin-
insulin receptor binding and post-receptor signaling (McGee & Hargreaves, 2006). Nutrients 
acting to minimize the rise in blood glucose (e.g., fiber (Sierra et al., 2002)) or to enhance 
glucose clearance (e.g., herbal extracts (Yin et al., 2008)) may also provide benefit. Third, 
exercise improves blood triglyceride clearance via enhanced lipoprotein lipase activity (Seip 
& Semenkovich, 1998) and a reduction in chylomicron-triglyceride half-life (J. C. Cohen et 
al., 1989). Nutrients acting to minimize the rise in blood triglycerides or to enhance 
triglyceride clearance may also prove beneficial (Cottin et al., 2011), as well as altering 
nutrient intake to favor lower intake of saturated fat and simple sugar and higher intake of 
“healthy” fats and dietary fiber (Bloomer, Kabir, Canale et al., 2010; Jenkins et al., 2007; 
Marin et al., 2011).  
In this chapter we provide an overview of the role of RONS in diabetic complications and 
provide a rationale for the inclusion of both exercise and selected nutrients to combat 
postprandial oxidative stress in those with T2DM. It is likely that these non-pharmacological 
approaches may not only improve glycemic control in a rested and fasted state, but also in 
response to feeding. If so, these methods should be strongly considered and implemented 
into the clinical treatment plan of type 2 diabetics in an effort to not only considerably 
improve the long-term prognosis of such individuals, but also to significantly reduce the 
financial burden associated with the chronic treatment of this disease.  

2. Diabetes overview  
Diabetes is present in multiple forms, but most commonly diagnosed as type 2 in pathology 
(World Health Organization, 2011). Diabetes is associated with multiple medical 
complications ranging from increased risk of cardiovascular disease to amputations and 
blindness. As the incident rate continues to rise, the economic burden associated with this 
disease also continues to grow. For example, the combined direct and indirect cost 
associated with diabetes has been estimated at $174 billion in 2007 within the United States 
alone (World Health Organization, 2011), with estimated and projected future costs being 
considerably higher. Related to the direct costs of $116 billion, after adjusting for population 
age and sex differences, the average medical expenditures among individuals with 
diagnosed diabetes were 2.3 times higher than what expenditures would have been in the 
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absence of diabetes. Indeed, diabetes is not only associated with significant impairments in 
both the quality and quantity of life in most patients, but poses a major burden to the 
healthcare economy.  

3. Oxidative stress description 
Oxidative stress is a term used to describe a condition of imbalance that exists between 
prooxidants and antioxidants, in such a way that prooxidant production overwhelms 
antioxidant defenses (Bloomer, 2008). This may lead to the oxidation of lipids, proteins, 
DNA, glutathione, and other molecules in ways that impair cellular function (Bloomer, 
2008). Although excessive production of prooxidants (also referred to as reactive oxygen 
and nitrogen species [RONS]) may be problematic, RONS generation occurs in part as a 
consequence of normal cellular metabolism (Halliwell & Cross, 1994) and serves several 
vital functions in vivo. For example, RONS play an important role in cell signaling (Haddad, 
2002), cellular immunity (Fialkow et al., 2007), apoptosis (Lee & Wei, 2007), and redox 
regulation of gene transcription (H. Liu et al., 2005). Hence, RONS are essential for normal 
physiological function. It is important to note that under normal physiologic conditions, the 
endogenous antioxidant defense system, in conjunction with exogenous antioxidants 
consumed through whole food and nutritional supplements, serve to protect small and large 
molecules from oxidative modification via RONS.  

3.1 Association with disease 
Increased biomarkers of oxidative stress have been noted in those living with disease (Dalle-
Donne et al., 2006), as well as in various tissues extracted upon autopsy. It is possible that 
during repeated exposure to stressful conditions in which RONS production is increased, 
and during which time adequate protection is not available, the antioxidant defense system 
may be overwhelmed. The resultant oxidative stress may lead to progressive oxidation of 
cellular constituents, eventually leading to functional decline of vital components (e.g., 
vascular endothelium) and disease (Dalle-Donne et al., 2006). However, while associations 
between various oxidative stress biomarkers, impairments in cellular function, and frank 
disease have been noted in many studies, direct cause and effect data are scarce (Maiese et al., 
2007). For example, in many cases the evidence consists only of observations of increased 
levels of oxidative stress biomarkers (e.g., lipid, protein, and DNA oxidation) in persons 
with a particular disease such as diabetes (Baynes & Thorpe, 1999) or cardiovascular disease 
(Tsimikas, 2006). In other cases, subjects with certain diseases such as T2DM have 
demonstrated improved markers of health following antioxidant therapy (Wu et al., 2007), 
suggesting that RONS may have been a possible cause of disease or disease progression. 
However, when considering the multi-factorial pathology of most disease states, it is likely 
that systems aside from those associated with RONS are also involved. Additional study is 
needed before conclusions can be made pertaining to the specific role of RONS in human 
disease—and whether RONS are a major cause of disease or merely a consequence of the 
disease process.  

3.2 Formation of Reactive Oxygen and Nitrogen Species (RONS) 
As discussed earlier, a state of “oxidative stress” is created when RONS production exceeds 
antioxidant defense. Both non-radical and radical species are considered to be RONS, the 
latter which are often referred to as “free radicals”, defined as any species capable of 
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between various oxidative stress biomarkers, impairments in cellular function, and frank 
disease have been noted in many studies, direct cause and effect data are scarce (Maiese et al., 
2007). For example, in many cases the evidence consists only of observations of increased 
levels of oxidative stress biomarkers (e.g., lipid, protein, and DNA oxidation) in persons 
with a particular disease such as diabetes (Baynes & Thorpe, 1999) or cardiovascular disease 
(Tsimikas, 2006). In other cases, subjects with certain diseases such as T2DM have 
demonstrated improved markers of health following antioxidant therapy (Wu et al., 2007), 
suggesting that RONS may have been a possible cause of disease or disease progression. 
However, when considering the multi-factorial pathology of most disease states, it is likely 
that systems aside from those associated with RONS are also involved. Additional study is 
needed before conclusions can be made pertaining to the specific role of RONS in human 
disease—and whether RONS are a major cause of disease or merely a consequence of the 
disease process.  

3.2 Formation of Reactive Oxygen and Nitrogen Species (RONS) 
As discussed earlier, a state of “oxidative stress” is created when RONS production exceeds 
antioxidant defense. Both non-radical and radical species are considered to be RONS, the 
latter which are often referred to as “free radicals”, defined as any species capable of 
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independent existence containing one or more unpaired electrons (Halliwell, 1991). The 
majority of biological molecules are non-radicals and contain only paired electrons. 
However, if a single electron is unpaired within an orbital, it is said to be “free”. Free 
radicals are typically regarded as highly reactive (hence the term “reactive” oxygen and 
nitrogen species), because they seek to accept electrons from other molecules. The donation 
of electrons can then produce additional free radicals, leading to a chain reaction of radical 
generation, which may continue until a chain terminating reaction occurs.  
Although RONS are generated as a component of normal cellular metabolism, they can also 
be produced through exposure to a wide variety of stimuli. These include, but are not 
limited to exposure to environmental toxins (Matsuoka et al., 2010), cigarette smoke 
(Edirisinghe & Rahman, 2010), ozone (Bocci et al., 2009; Yang & Omaye, 2009), intense 
physical exercise (Bloomer, 2008; Fisher-Wellman & Bloomer, 2009a), and ingestion of 
certain nutrients (Sies, Stahl, & Sevanian, 2005). Specifically, a state of oxidative stress may 
be mediated through a disruption of the electron transport system leading to increased 
formation of superoxide radicals, an increase in the activity of RONS generating enzymes 
(e.g., xanthine oxidase), activation of cyclooxygenases, lipoxygenases, phagocytes, and 
phospholipases, as well as through an acute or chronic decrease in antioxidant protection 
(Jackson et al., 2007).  

3.2.1 Exercise conditions 
More than 300 original investigations have been performed in relation to exercise-induced 
oxidative stress (Fisher-Wellman & Bloomer, 2009a). The results of this work are mixed, 
with many studies documenting an acute oxidative stress, while others fail to demonstrate 
such findings. The opposing results are likely due to discrepancies in the exercise protocols, 
the training status and age of subjects, the biomarkers measured, and the timing of blood 
collection relative to the exercise bout (Fisher-Wellman & Bloomer, 2009a). Regardless, there 
are multiple potential sites for RONS formation in relation to an acute bout of exercise. 
These include primary sources in which RONS are generated in direct response to a given 
condition (e.g., formation of superoxide within the respiratory chain, prostanoid 
metabolism, catecholamine autoxidation, heightened xanthine oxidase activity), as well as 
secondary sources in which RONS production might occur in response to muscle damage 
(e.g., neutrophil respiratory burst activity, disruption of iron containing proteins) (Bloomer, 
2008). It is important to note that despite the potential for oxidative stress arising from acute 
exercise, such a condition is generally short lived. That is, any post-exercise elevation in 
oxidative stress biomarkers typically returns to baseline within minutes to hours following 
the cessation of exercise. Moreover, this acute increase in RONS is necessary to allow for the 
up-regulation in antioxidant defense—in accordance with the principle of hormesis (Radak 
et al., 2008). For these reasons, concern over an acute increase in RONS as a consequence of 
strenuous exercise should be minimal.  

3.2.2 Feeding conditions 
The generation of RONS and the ensuing oxidative stress following a meal is referred to as 
postprandial oxidative stress. This appears directly linked with the rise in blood glucose 
(Monnier et al., 2006) and triglycerides (Bae et al., 2001) following feeding. Individuals with 
diabetes and pre-diabetes appear more susceptible to postprandial oxidative stress due to 
the fact that they experience prolonged periods of hyperglycemia (Ceriello et al., 2002; Y. 
Miyazaki et al., 2007; Schindhelm et al., 2007) and hypertriglyceridemia (Ceriello et al., 2002; 
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Nappo et al., 2002) following meals, as compared to those with normal blood glucose 
control. Elevations in both glucose and triglycerides are directly linked to superoxide 
production (Bae et al., 2001; Nishikawa et al., 2000), a potent RONS which is known to react 
with other molecules causing additional RONS generation (Brownlee, 2005). It is likely that 
superoxide is generated within the mitochondria during the process of substrate oxidation 
following the ingestion of energy dense meals—in particular those high in saturated fat 
(Fisher-Wellman & Bloomer, 2009b). Therefore, methods of attenuating postprandial 
glycemia and lipemia (e.g., ingestion of lower calorie meals, decreased intake of saturated 
fat and simple sugar) may be associated with a decrease in RONS generation. Moreover, 
because the blood glucose (Monnier et al., 2006) and triglyceride response (Bloomer, Ferebee 
et al., 2009) to feeding is at least partly mediated by the fasting levels of these variables, a 
decrease in fasting blood glucose or triglycerides should result in lower postprandial 
oxidative stress. A lifestyle approach of modifying dietary intake might be considered a 
“first line” defense to decrease both fasting and postprandial oxidative stress. It should be 
noted that unlike exercise, for which the oxidative stress response is typically short lived, 
the oxidative stress response following a high calorie, high fat meal may persist for several 
hours (e.g., 4-6) following feeding (Bloomer, Cole et al., 2009; Bloomer, Fisher-Wellman et 
al., 2009; Melton et al., 2009; Saxena et al., 2005), and the response is exacerbated in those 
who are obese (Bloomer & Fisher-Wellman, 2009).  
3.2.2.1 Meal composition and size 
It is evident that the dietary practices of many individuals are not ideal, with consumption 
of dietary fat and simple sugars meals being prevalent (Drewnowski, 2007; Livesey et al., 
2008). The sheer size of individual meals is often larger than what is needed based on energy 
demands, which may exacerbate and prolong postprandial glycemia and lipemia 
(Zilversmit, 1979)—allowing for greater RONS production. The severity of the oxidative 
load imposed appears dependent on the magnitude and rate of glycemia and lipemia 
experienced post-feeding (O'Keefe & Bell, 2007). Indeed, moderate to strong correlations 
exist for both glucose (Monnier et al., 2006) and triglycerides (Bae et al., 2001; Bloomer, 
Ferebee et al., 2009; Bloomer & Fisher-Wellman, 2010; Fisher-Wellman & Bloomer, 2010; 
Saxena et al., 2005) and oxidative stress biomarkers post-feeding.  
Studies have included a variety of meals to induce an oxidative stress, ranging from isolated 
protein, carbohydrate, and fat, to mixed meals involving some combination of 
macronutrients. However, in most postprandial oxidative stress studies, the meal of choice 
is predominantly lipids. Such a meal reliably induces a state of oxidative stress, with a 
corresponding increase in blood triglycerides. We have recently compared the oxidative 
response to four different isocaloric meals (protein, carbohydrate, lipid, and mixed) and 
found that the lipid meal resulted in the greatest increase in postprandial oxidative stress 
(Fisher-Wellman & Bloomer, 2010). We have replicated these findings with regards to the 
lipid meal compared to a carbohydrate meal (Bloomer, Kabir, Marshall et al., 2010), noting 
that the oxidative stress response is dependent on meal size (i.e., increased calories = greater 
oxidative stress). Taken together, these data indicate that both meal composition and size 
impact postprandial oxidative stress.  

3.3 Cellular dysfunction 
The rise in circulating glucose and triglycerides, and the ensuing postprandial oxidative 
stress, triggers a harmful biochemical cascade throughout the circulation, including 
inflammation, endothelial dysfunction, hypercoaguability, and sympathetic hyperactivity, 
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independent existence containing one or more unpaired electrons (Halliwell, 1991). The 
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be mediated through a disruption of the electron transport system leading to increased 
formation of superoxide radicals, an increase in the activity of RONS generating enzymes 
(e.g., xanthine oxidase), activation of cyclooxygenases, lipoxygenases, phagocytes, and 
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3.2.1 Exercise conditions 
More than 300 original investigations have been performed in relation to exercise-induced 
oxidative stress (Fisher-Wellman & Bloomer, 2009a). The results of this work are mixed, 
with many studies documenting an acute oxidative stress, while others fail to demonstrate 
such findings. The opposing results are likely due to discrepancies in the exercise protocols, 
the training status and age of subjects, the biomarkers measured, and the timing of blood 
collection relative to the exercise bout (Fisher-Wellman & Bloomer, 2009a). Regardless, there 
are multiple potential sites for RONS formation in relation to an acute bout of exercise. 
These include primary sources in which RONS are generated in direct response to a given 
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metabolism, catecholamine autoxidation, heightened xanthine oxidase activity), as well as 
secondary sources in which RONS production might occur in response to muscle damage 
(e.g., neutrophil respiratory burst activity, disruption of iron containing proteins) (Bloomer, 
2008). It is important to note that despite the potential for oxidative stress arising from acute 
exercise, such a condition is generally short lived. That is, any post-exercise elevation in 
oxidative stress biomarkers typically returns to baseline within minutes to hours following 
the cessation of exercise. Moreover, this acute increase in RONS is necessary to allow for the 
up-regulation in antioxidant defense—in accordance with the principle of hormesis (Radak 
et al., 2008). For these reasons, concern over an acute increase in RONS as a consequence of 
strenuous exercise should be minimal.  

3.2.2 Feeding conditions 
The generation of RONS and the ensuing oxidative stress following a meal is referred to as 
postprandial oxidative stress. This appears directly linked with the rise in blood glucose 
(Monnier et al., 2006) and triglycerides (Bae et al., 2001) following feeding. Individuals with 
diabetes and pre-diabetes appear more susceptible to postprandial oxidative stress due to 
the fact that they experience prolonged periods of hyperglycemia (Ceriello et al., 2002; Y. 
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Nappo et al., 2002) following meals, as compared to those with normal blood glucose 
control. Elevations in both glucose and triglycerides are directly linked to superoxide 
production (Bae et al., 2001; Nishikawa et al., 2000), a potent RONS which is known to react 
with other molecules causing additional RONS generation (Brownlee, 2005). It is likely that 
superoxide is generated within the mitochondria during the process of substrate oxidation 
following the ingestion of energy dense meals—in particular those high in saturated fat 
(Fisher-Wellman & Bloomer, 2009b). Therefore, methods of attenuating postprandial 
glycemia and lipemia (e.g., ingestion of lower calorie meals, decreased intake of saturated 
fat and simple sugar) may be associated with a decrease in RONS generation. Moreover, 
because the blood glucose (Monnier et al., 2006) and triglyceride response (Bloomer, Ferebee 
et al., 2009) to feeding is at least partly mediated by the fasting levels of these variables, a 
decrease in fasting blood glucose or triglycerides should result in lower postprandial 
oxidative stress. A lifestyle approach of modifying dietary intake might be considered a 
“first line” defense to decrease both fasting and postprandial oxidative stress. It should be 
noted that unlike exercise, for which the oxidative stress response is typically short lived, 
the oxidative stress response following a high calorie, high fat meal may persist for several 
hours (e.g., 4-6) following feeding (Bloomer, Cole et al., 2009; Bloomer, Fisher-Wellman et 
al., 2009; Melton et al., 2009; Saxena et al., 2005), and the response is exacerbated in those 
who are obese (Bloomer & Fisher-Wellman, 2009).  
3.2.2.1 Meal composition and size 
It is evident that the dietary practices of many individuals are not ideal, with consumption 
of dietary fat and simple sugars meals being prevalent (Drewnowski, 2007; Livesey et al., 
2008). The sheer size of individual meals is often larger than what is needed based on energy 
demands, which may exacerbate and prolong postprandial glycemia and lipemia 
(Zilversmit, 1979)—allowing for greater RONS production. The severity of the oxidative 
load imposed appears dependent on the magnitude and rate of glycemia and lipemia 
experienced post-feeding (O'Keefe & Bell, 2007). Indeed, moderate to strong correlations 
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Studies have included a variety of meals to induce an oxidative stress, ranging from isolated 
protein, carbohydrate, and fat, to mixed meals involving some combination of 
macronutrients. However, in most postprandial oxidative stress studies, the meal of choice 
is predominantly lipids. Such a meal reliably induces a state of oxidative stress, with a 
corresponding increase in blood triglycerides. We have recently compared the oxidative 
response to four different isocaloric meals (protein, carbohydrate, lipid, and mixed) and 
found that the lipid meal resulted in the greatest increase in postprandial oxidative stress 
(Fisher-Wellman & Bloomer, 2010). We have replicated these findings with regards to the 
lipid meal compared to a carbohydrate meal (Bloomer, Kabir, Marshall et al., 2010), noting 
that the oxidative stress response is dependent on meal size (i.e., increased calories = greater 
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stress, triggers a harmful biochemical cascade throughout the circulation, including 
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all of which may promote further RONS generation and oxidative damage (Fisher-Wellman 
& Bloomer, 2009b). The specific mechanisms of RONS generation in the postprandial state 
have yet to be elucidated due to the complexity of the cellular signaling cascade that exits in 
vivo. However, it appears that RONS initiate pathways of gene transcription, inflammation, 
and cellular adhesion, which induce further RONS generation and cellular damage (Fisher-
Wellman & Bloomer, 2009b). When an excess of substrate enters the mitochondria, an 
accumulation of superoxide is generated from the electron transport chain (E. J. Anderson et 
al., 2009; Brownlee, 2005; Koves et al., 2008).  
Within the peripheral tissue, this oxidative disruption can activate several pro-inflammatory 
transcription factors (nuclear factor κB [NF- κB] and tumor necrosis factor α [TNF-α]), which 
may induce further RONS production and insulin resistance (Aljada et al., 2006; Sinha et al., 
2004). It is proposed that this form of RONS mediated insulin resistance is a means for 
peripheral tissue to reduce the amount substrate after excessive nutrient intake (Ceriello & 
Motz, 2004). In turn, substrate may accumulate within the circulation leading to 
hyperglycemia and hyperlipidemia (Fisher-Wellman & Bloomer, 2009b).  
Within the vasculature, the endothelium may produce RONS by similar mechanics as 
peripheral tissue under conditions of hyperglycemia and hyperlipidemia (Ceriello & Motz, 
2004). The increased RONS generation leads to the migration of phagocytic cells (leukocytes 
and neutrophils) to the endothelium, which produce additional RONS via NADPH oxidase 
(Mohanty et al., 2000; Mohanty et al., 2002; Van Oostrom et al., 2003). Moreover, this can 
lead to the release of inflammatory cytokines (Aljada et al., 2006) and cellular adhesion 
molecules (Ceriello et al., 2004; Rubin et al., 2008), which may be contributing factors to 
atherosclerosis, myocardial infarction, and stroke (Aljada et al., 2006). 

3.3.1 Methods of assessing RONS formation 
Since radicals are highly reactive and short lived (e.g., 10-5 seconds for superoxide), they are 
difficult to measure in biological systems. However, direct measurement techniques do 
exist; the most common being electron spin resonance (ESR) spectroscopy involving spin 
traps (Knight, 1999). Unfortunately, the equipment needed for such measurements is 
sophisticated and costly and the procedures are labor intensive, making the analysis of large 
numbers of samples difficult. More common is the use of indirect methods to measure 
oxidized biomolecules such as lipids, proteins, and DNA—resulting from exposure to 
RONS. By measuring these oxidative stress biomarkers, the degree of RONS generation and 
antioxidant capacity can be inferred, although specific information related to the type and 
extent of RONS remains unknown.  
Due to the vast growth in this area of study, a variety of analysis procedures have been used 
to measure oxidative stress biomarkers (Rimbach et al., 1999), ranging from 
spectrophotometric assays to procedures using gas chromatography-mass spectroscopy 
(GC-MS) and high performance liquid chromatography (HPLC) coupled with 
electrochemical or chemiluminescence detection. Several commercially available assay kits 
are now available, while some companies offer oxidative stress related reagents and assay 
kits exclusively—while also providing analytical services for these procedures. Analyses can 
be performed using several body fluids (e.g., blood, urine, saliva), as well as muscle and 
organ tissue. 

3.3.2 Common biomarkers of oxidative stress 
Numerous biomarkers have been used in oxidative stress related research. Although a 
complete discussion of these markers is beyond the scope of this chapter, the biomarkers 
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indicated below appear most commonly used. It should be understood that due to the 
growing interest in this line of work, new biomarkers and assay procedures emerge each 
year.  
With regards to lipids, the following assays are commonly used: isoprostanes, lipid 
hyroperoxides, malondialdehyde (MDA), thiobarbituric acid reactive substances (TBARS), 
oxidized low density lipoproteins (ox-LDL-C), conjugated dienes, and hexanoyl lysine. With 
regards to proteins, the following assays are commonly used: protein carbonyls, 
nitrotyrosine, individual oxidized amino acids, and advanced oxidation protein products. 
With regards to DNA, the following assays are commonly used: 8-hydroxy-2'-
deoxyguanosine (8-OHdG) and individual oxidized DNA strand breaks (comet assay).  
In addition to the above, numerous individual antioxidants (e.g., ascorbate, tocopherols), 
antioxidant enzymes (e.g., superoxide dismutase), and antioxidant capacity markers can be 
measured. In relation to the latter, the following four assays are common: Trolox equivalent 
antioxidant capacity (TEAC), Oxygen Radical Absorbance Capacity (ORAC), Ferric Reducing 
Ability of Plasma (FRAP), and Total Radical-Trapping Antioxidant Parameter (TRAP).  
Enzymes such as xanthine oxidase and peroxides such as hydrogen peroxide can also be 
measured. Other biomarkers thought to be associated with oxidative stress (e.g., 
inflammatory markers, obesity markers) are often included in postprandial studies. Finally, 
markers of endothelial function such as nitrate and nitrite (surrogate markers of nitric oxide) 
and flow mediated dilation are often included in studies of postprandial oxidative stress—
due to the association between increased RONS production, decreased nitric oxide 
bioavailability, and endothelial dysfunction.  

4. Minimizing and protecting against postprandial RONS  
In an attempt to decrease the potential harm of RONS following acute feedings, it appears 
most prudent to attempt to simply avoid any significant elevation in RONS to begin with. 
This may be best accomplished by decreasing the overall calorie load within any given meal 
(Bloomer, Kabir, Marshall et al., 2010), while reducing the amount of saturated fat and 
simple sugar and replacing such calories with “healthy” fat and dietary fiber (Jenkins et al., 
2007). In addition, the use of selected micronutrients may prove helpful. Finally, the 
performance of regular exercise may act to minimize postprandial oxidative stress. Beyond 
this prophylactic approach involving alterations in both nutrient intake and physical 
activity, the plan becomes one of treatment (i.e., handling the increased production of RONS 
due to the spike in blood glucose and blood triglycerides).  
The remainder of this chapter focuses on the role of exercise and selected nutrient intake in 
an attempt to attenuate postprandial oxidative stress. While some studies have focused 
exclusively on diabetic patients, many others have not. However, because the potential 
mechanisms of actions in relation to glucose and triglyceride uptake, as well as the up-
regulation in antioxidant defense may be similar for diabetic and non-diabetic individuals, 
we have included studies specific to both populations. Where possible, distinctions are 
made between studies.  

5. Exercise and postprandial oxidative stress  
Aerobic exercise has been shown to ameliorate postprandial oxidative stress and 
hyperlipidemia, with consumption of a high fat meal (Clegg et al., 2007; McClean et al., 
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all of which may promote further RONS generation and oxidative damage (Fisher-Wellman 
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atherosclerosis, myocardial infarction, and stroke (Aljada et al., 2006). 
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difficult to measure in biological systems. However, direct measurement techniques do 
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traps (Knight, 1999). Unfortunately, the equipment needed for such measurements is 
sophisticated and costly and the procedures are labor intensive, making the analysis of large 
numbers of samples difficult. More common is the use of indirect methods to measure 
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extent of RONS remains unknown.  
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organ tissue. 
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Numerous biomarkers have been used in oxidative stress related research. Although a 
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indicated below appear most commonly used. It should be understood that due to the 
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2007); however few studies have been conducted to address this issue. This effect may be 
due to an acute improvement in both triglyceride and glucose clearance, as well as an 
increase in antioxidant enzyme activity resulting from the exercise bout (McClean et al., 
2011). The following text outlines findings specific to these areas of investigation.  

5.1 Acute exercise 
5.1.1 Triglyceride metabolism 
It is well documented that exercise improves multiple aspects of human health and reduces 
both morbidity and mortality. Over the past few decades, a great amount of attention has 
been given to exercise as a therapeutic tool to reduce circulating triglyceride levels, both at 
rest and following meal consumption. Although, the exact mechanisms involved in 
attenuation of postprandial lipemia with exercise are not fully understood (Katsanos, 2006), 
exercise has been shown to decrease circulating triglyceride levels (Pronk, 1993), as well as 
help to reduce the amount of triglyceride secretion by the liver (Borsheim et al., 1999; Gill et 
al., 2001). 
As highlighted earlier, reducing postprandial triglyceride levels is of particular importance, 
as this rise in circulating lipids post-feeding may be associated to increased risk for 
cardiovascular disease, possibly linked to the formation of RONS (Bae et al., 2001). It is well 
documented that a positive correlation exists between postprandial triglyceride levels and 
oxidative stress biomarkers (Bae et al., 2001; Bloomer, Ferebee et al., 2009; Bloomer & Fisher-
Wellman, 2010; Fisher-Wellman & Bloomer, 2010; Saxena et al., 2005). Therefore, if exercise 
is successful at reducing postprandial triglycerides, it may also be associated with a decrease 
in oxidative stress. 
Exercise has been reported to increase the activity of lipoprotein lipase (LPL) (Seip & 
Semenkovich, 1998), and thus improve triglyceride clearance. Lipoprotein lipase is 
expressed on adipocytes and skeletal muscle cells, with a main function of removing 
triglyceride from circulating lipoproteins. In the early postprandial period, adipose LPL 
activity increases while muscle LPL activity decreases (Seip & Semenkovich, 1998), which is 
most likely due to the rise in post-meal insulin. Exercise is believed to increase muscle LPL 
activity via decreased circulating insulin levels and increased catecholamine levels (Seip & 
Semenkovich, 1998). In support of this, acute exercise was investigated with participants 
cycling for 60-90 min at 55-70% VO2max (Seip et al., 1997). The investigators reported a 
significant increase in LPL activity at four and eight hours post-exercise, with a return to 
baseline values at 20 hours post-exercise. This increase corresponded with a significant 
decrease in triglycerides, an increase in norepinephrine and epinephrine, and a reduction in 
circulating insulin. Other investigators have noted an increase in LPL activity at 24 hours 
(Ferguson et al., 1998; Grandjean et al., 2000) and 48 hours (Grandjean et al., 2000) post-
exercise, while triglycerides have been noted to be lower at 24 hours (Cullinane et al., 1982; 
Grandjean et al., 2000), 48 hours (Grandjean et al., 2000), and 66 hours (Ferguson et al., 1998) 
following exercise.  
In addition to an increase in LPL activity following exercise, a decreased secretion of very 
low density lipoprotein (VLDL) may be another mechanism that results in lower circulating 
levels of triglycerides (Borsheim et al., 1999; Gill et al., 2001). With regards to VLDL, it 
appears that intensity plays a major role in decreasing secretion of VLDL. This is supported 
by the work of Borsheim et al. (Borsheim et al., 1999) who noted a decrease in VLDL at 4.5 
hours after cycling for 90 minutes at ~58% VO2max, while Magkos et al. (Magkos et al., 2008) 
reported no significant changes for 6 hours post-exercise when treadmill walking was 
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performed for 90 minutes at intensity of ~30% VO2max. One investigation reported no change 
in VLDL immediately and one hour following exhaustive cycling exercise performed at 
115% VO2max (Lira et al., 2010). One potential limitation to this study was that the sampling 
time course was only sustained for one hour post-exercise. This is considerably less than 
prior work demonstrating an effect of exercise on VLDL lowering when measured 4.5 hours 
post-exercise (Borsheim et al., 1999).  
Resistance training has also been shown to have an effect on postprandial lipemia. Singhal 
et al. (Singhal et al., 2009) investigated the role of intensity on postprandial lipemia by 
performing 10 resistance exercises at either 50% of eight repetition maximum (RM) or at 
100% of eight RM (the lower intensity group performed 16 repetitions and the higher 
intensity group performed eight repetitions, and both groups performed three sets). A high 
fat meal was administered 15.5 hours post-exercise and there was found to be no significant 
difference between intensities. Both exercise bouts resulted in a similar reduction in 
postprandial lipemia and increase in fat oxidation. Another investigation compared 
resistance exercise with aerobic exercise by matching energy expenditure between exercise 
type (Petitt et al., 2003). Resistance exercise was comprised of 10 exercises performed for 
three sets of 10 repetitions, at the participants’ 10 RM, while the aerobic exercise involved 
walking for the same duration as resistance exercise, and at an intensity estimated to elicit 
an identical energy expenditure. The results indicated that resistance exercise more 
favorably impacted baseline triglyceride concentrations, as well as the total postprandial 
triglyceride response, as compared to aerobic exercise and control.  

5.1.2 Glucose metabolism  
Given that the hallmark characteristic of diabetes is elevated blood glucose, consumption of 
high caloric meals composed of processed carbohydrates should be cautioned, if not avoided 
completely. The post-meal hyperglycemia has been shown to elicit a subsequent rise in RONS 
(Fisher-Wellman & Bloomer, 2010; Mohanty et al., 2000; Monnier et al., 2006). While young, 
healthy, non-diabetic individuals may not be negatively affected by high “simple” 
carbohydrate meals (Bloomer, Kabir, Marshall et al., 2010), research has shown that obese and 
metabolically diseased populations (e.g., obese, diabetic) consuming such feedings may be at 
increased risk for postprandial oxidative stress (Bloomer & Fisher-Wellman, 2009).  
Individuals with insulin resistance have noted improvements in glucose homeostasis 
following both acute exercise and chronic exercise training, resulting in numerous metabolic 
and hemodynamic changes that may contribute to improved glucose disposal. These 
adaptive responses include enhanced insulin action on the skeletal muscle glucose transport 
system, reduced hormonal stimulation of hepatic glucose production, improved blood flow 
to skeletal muscle, and normalization of an abnormal blood lipid profile (Henriksen, 2002).  
There are two main mechanisms responsible for enhanced glucose disposal following an 
acute exercise bout. First, an observed stimulation of GLUT4 to the cell membrane is noted, 
which allows for glucose uptake into the cytosol from the vasculature. Second, an increase 
in insulin sensitivity within contracting skeletal muscle is noted, ultimately allowing for 
GLUT4 translocation. Both of these effects are welcome following the ingestion of a high 
carbohydrate meal in which blood glucose is elevated.  
Under normal physiologic conditions, GLUT4 is translocated from the cytosol to the cell 
surface through an insulin signaling mechanism. This is accomplished when insulin binds to 
the insulin receptors of the cellular wall of the muscle, which in turn activates a cascade of 
protein kinases that eventually translocate GLUT4 (Rockl et al., 2008). However, muscular 
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2007); however few studies have been conducted to address this issue. This effect may be 
due to an acute improvement in both triglyceride and glucose clearance, as well as an 
increase in antioxidant enzyme activity resulting from the exercise bout (McClean et al., 
2011). The following text outlines findings specific to these areas of investigation.  

5.1 Acute exercise 
5.1.1 Triglyceride metabolism 
It is well documented that exercise improves multiple aspects of human health and reduces 
both morbidity and mortality. Over the past few decades, a great amount of attention has 
been given to exercise as a therapeutic tool to reduce circulating triglyceride levels, both at 
rest and following meal consumption. Although, the exact mechanisms involved in 
attenuation of postprandial lipemia with exercise are not fully understood (Katsanos, 2006), 
exercise has been shown to decrease circulating triglyceride levels (Pronk, 1993), as well as 
help to reduce the amount of triglyceride secretion by the liver (Borsheim et al., 1999; Gill et 
al., 2001). 
As highlighted earlier, reducing postprandial triglyceride levels is of particular importance, 
as this rise in circulating lipids post-feeding may be associated to increased risk for 
cardiovascular disease, possibly linked to the formation of RONS (Bae et al., 2001). It is well 
documented that a positive correlation exists between postprandial triglyceride levels and 
oxidative stress biomarkers (Bae et al., 2001; Bloomer, Ferebee et al., 2009; Bloomer & Fisher-
Wellman, 2010; Fisher-Wellman & Bloomer, 2010; Saxena et al., 2005). Therefore, if exercise 
is successful at reducing postprandial triglycerides, it may also be associated with a decrease 
in oxidative stress. 
Exercise has been reported to increase the activity of lipoprotein lipase (LPL) (Seip & 
Semenkovich, 1998), and thus improve triglyceride clearance. Lipoprotein lipase is 
expressed on adipocytes and skeletal muscle cells, with a main function of removing 
triglyceride from circulating lipoproteins. In the early postprandial period, adipose LPL 
activity increases while muscle LPL activity decreases (Seip & Semenkovich, 1998), which is 
most likely due to the rise in post-meal insulin. Exercise is believed to increase muscle LPL 
activity via decreased circulating insulin levels and increased catecholamine levels (Seip & 
Semenkovich, 1998). In support of this, acute exercise was investigated with participants 
cycling for 60-90 min at 55-70% VO2max (Seip et al., 1997). The investigators reported a 
significant increase in LPL activity at four and eight hours post-exercise, with a return to 
baseline values at 20 hours post-exercise. This increase corresponded with a significant 
decrease in triglycerides, an increase in norepinephrine and epinephrine, and a reduction in 
circulating insulin. Other investigators have noted an increase in LPL activity at 24 hours 
(Ferguson et al., 1998; Grandjean et al., 2000) and 48 hours (Grandjean et al., 2000) post-
exercise, while triglycerides have been noted to be lower at 24 hours (Cullinane et al., 1982; 
Grandjean et al., 2000), 48 hours (Grandjean et al., 2000), and 66 hours (Ferguson et al., 1998) 
following exercise.  
In addition to an increase in LPL activity following exercise, a decreased secretion of very 
low density lipoprotein (VLDL) may be another mechanism that results in lower circulating 
levels of triglycerides (Borsheim et al., 1999; Gill et al., 2001). With regards to VLDL, it 
appears that intensity plays a major role in decreasing secretion of VLDL. This is supported 
by the work of Borsheim et al. (Borsheim et al., 1999) who noted a decrease in VLDL at 4.5 
hours after cycling for 90 minutes at ~58% VO2max, while Magkos et al. (Magkos et al., 2008) 
reported no significant changes for 6 hours post-exercise when treadmill walking was 
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performed for 90 minutes at intensity of ~30% VO2max. One investigation reported no change 
in VLDL immediately and one hour following exhaustive cycling exercise performed at 
115% VO2max (Lira et al., 2010). One potential limitation to this study was that the sampling 
time course was only sustained for one hour post-exercise. This is considerably less than 
prior work demonstrating an effect of exercise on VLDL lowering when measured 4.5 hours 
post-exercise (Borsheim et al., 1999).  
Resistance training has also been shown to have an effect on postprandial lipemia. Singhal 
et al. (Singhal et al., 2009) investigated the role of intensity on postprandial lipemia by 
performing 10 resistance exercises at either 50% of eight repetition maximum (RM) or at 
100% of eight RM (the lower intensity group performed 16 repetitions and the higher 
intensity group performed eight repetitions, and both groups performed three sets). A high 
fat meal was administered 15.5 hours post-exercise and there was found to be no significant 
difference between intensities. Both exercise bouts resulted in a similar reduction in 
postprandial lipemia and increase in fat oxidation. Another investigation compared 
resistance exercise with aerobic exercise by matching energy expenditure between exercise 
type (Petitt et al., 2003). Resistance exercise was comprised of 10 exercises performed for 
three sets of 10 repetitions, at the participants’ 10 RM, while the aerobic exercise involved 
walking for the same duration as resistance exercise, and at an intensity estimated to elicit 
an identical energy expenditure. The results indicated that resistance exercise more 
favorably impacted baseline triglyceride concentrations, as well as the total postprandial 
triglyceride response, as compared to aerobic exercise and control.  

5.1.2 Glucose metabolism  
Given that the hallmark characteristic of diabetes is elevated blood glucose, consumption of 
high caloric meals composed of processed carbohydrates should be cautioned, if not avoided 
completely. The post-meal hyperglycemia has been shown to elicit a subsequent rise in RONS 
(Fisher-Wellman & Bloomer, 2010; Mohanty et al., 2000; Monnier et al., 2006). While young, 
healthy, non-diabetic individuals may not be negatively affected by high “simple” 
carbohydrate meals (Bloomer, Kabir, Marshall et al., 2010), research has shown that obese and 
metabolically diseased populations (e.g., obese, diabetic) consuming such feedings may be at 
increased risk for postprandial oxidative stress (Bloomer & Fisher-Wellman, 2009).  
Individuals with insulin resistance have noted improvements in glucose homeostasis 
following both acute exercise and chronic exercise training, resulting in numerous metabolic 
and hemodynamic changes that may contribute to improved glucose disposal. These 
adaptive responses include enhanced insulin action on the skeletal muscle glucose transport 
system, reduced hormonal stimulation of hepatic glucose production, improved blood flow 
to skeletal muscle, and normalization of an abnormal blood lipid profile (Henriksen, 2002).  
There are two main mechanisms responsible for enhanced glucose disposal following an 
acute exercise bout. First, an observed stimulation of GLUT4 to the cell membrane is noted, 
which allows for glucose uptake into the cytosol from the vasculature. Second, an increase 
in insulin sensitivity within contracting skeletal muscle is noted, ultimately allowing for 
GLUT4 translocation. Both of these effects are welcome following the ingestion of a high 
carbohydrate meal in which blood glucose is elevated.  
Under normal physiologic conditions, GLUT4 is translocated from the cytosol to the cell 
surface through an insulin signaling mechanism. This is accomplished when insulin binds to 
the insulin receptors of the cellular wall of the muscle, which in turn activates a cascade of 
protein kinases that eventually translocate GLUT4 (Rockl et al., 2008). However, muscular 
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contraction also induces this translocation independently of the initial insulin signaling, 
possibly through calcium and/or AMP kinase (Henriksen, 2002). An immediate increase in 
plasma GLUT4 transport protein content following moderate (Kristiansen et al., 1999) and 
high (Green et al., 2008; Kristiansen et al., 1996) intensity aerobic exercise has been noted. 
The increase in GLUT4 translocation in response to exercise may be necessary to allow for 
adequate glycogen replenishment (Thompson et al., 2001).  
In terms of improved insulin sensitivity in response to exercise, it has been reported that 
insulin transduction through insulin receptor IRS-1/2 and PI3-kinase is enhanced post-
exercise (Peres et al., 2005). This increase in skeletal muscle insulin sensitivity has been 
shown to last for up to 16 hours post-exercise (Chibalin et al., 2000; Ren et al., 1994). The 
enhanced removal of excess glucose from within the vasculature may be in conjunction with 
insulin independent increases of GLUT4 translocation, which in turn may relate to both 
reduced RONS production and maintenance of endothelial function. 
The majority of acute investigations related to increased glucose clearance have focused on 
moderate intensity aerobic exercise, with multiple studies reporting favorable effects, as 
reviewed elsewhere (Praet & van Loon, 2007). To our knowledge, only one investigation has 
focused on the effect of high intensity sprint exercise on glucose metabolism. Brestoff et al. 
(Brestoff et al., 2009) had subjects perform five 30 second sprints at 125% VO2peak with four 
minutes rest between sprints or 45 minutes of continuous exercise at 75% VO2peak. An oral 
glucose tolerance test (OGTT) was administered 12-16 hours after exercise, and blood 
samples were taken every 30 minutes for a two hour period following the OGTT. There was 
no significant effect of the sprint exercise with regards to blood glucose lowering; however, 
the endurance protocol significantly lowered the insulin response. One possible reason for 
the lack of significance regarding the sprint exercise bout may be due to the bout being 
performed 12-16 hours prior to the OGTT—a time that may have been too distant from 
exercise to elicit an effect. Kraniou et al. (G. N. Kraniou et al., 2006) also reported no 
significant differences in GLUT4 protein gene expression with higher intensity aerobic 
exercise (27 minutes at 83% VO2peak) compared to lower intensity aerobic exercise (60 
minutes at 39% VO2peak). Despite no significant difference between trials, both intensities 
resulted in a significant increase in GLUT4 protein and gene expression immediately and 
three hours post-exercise. Collectively, improvements in GLUT4 translocation immediately 
post-exercise (Kristiansen et al., 1997; Thorell et al., 1999), with significant increases in both 
gene expression (G. N. Kraniou et al., 2006; Y. Kraniou et al., 2000) and insulin sensitivity 
(Thong et al., 2003) lasting up to three hours post-exercise, may provide evidence for 
exercise to be performed closer to the actual test meal. 
In addition to aerobic and sprint exercise protocols, resistance exercise has also been used in 
an attempt to improve postprandial glucose metabolism. One investigation had subjects 
exercise 14 hours prior to consuming a carbohydrate-rich meal (Andersen & Hostmark, 
2007). Resistance exercise consisted of seven exercises performed for three sets of 10 
repetitions at an intensity of 50% 1RM. The authors reported that postprandial glucose 
response was significantly reduced in the exercise group when compared to the control 
group. Fluckey et al. (Fluckey et al., 1994) investigated the effects of resistance exercise on 
glucose tolerance in non-diabetic subjects and in those with non-insulin dependent diabetes 
mellitus (NIDDM) by performing three sets of 10 repetitions at 75% 1RM, 18 hours prior to 
an OGTT. It was concluded that a single resistance exercise session significantly enhanced 
insulin clearance, but not insulin secretion, in both control and NIDDM subjects.  
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5.1.3 Antioxidant capacity  
Although both a lowering of circulating triglycerides and blood glucose are thought to lead 
to lower production of RONS, improved antioxidant capacity may also serve to minimize 
the potential harm of increased RONS postprandially. Besides including more global 
markers of total antioxidant status, such as TEAC and ORAC, performing assays for 
individual antioxidant enzymes is another method to assess oxidative stress (e.g., 
superoxide dismutase [SOD], glutathione peroxidase [GPx], catalase [CAT], or glutathione 
reductase [GR]), as these enzyme may be up-regulated by an acute bout of exercise or may 
be acutely lowered owing to their combating nature against RONS. 
Many investigations have been performed to confirm the post-exercise change in 
antioxidant capacity. Although these investigations generally note a decrease in antioxidant 
status post-exercise (Di Massimo et al., 2004; Tozzi-Ciancarelli et al., 2002), this is usually 
transient, as defenses either return to, or exceed, their pre-exercise values shortly after 
exercise cessation (Alessio et al., 2000; Fatouros et al., 2004; Michailidis et al., 2007; Quindry 
et al., 2003; Steinberg et al., 2006; Vider et al., 2001; Watson et al., 2005). These findings 
confirm the short-term activity of antioxidants in handling RONS, as well as propose a 
hypothesis for the stimulatory effect of acute exercise on chronic antioxidant status. 
However, despite the increase in antioxidant status noted in some studies, other authors 
have reported no increase (Sen et al., 1994; H. K. Vincent et al., 2004), which may be 
attributed to sampling times related to the acute session.  
When focusing specifically on individual antioxidant enzymes, investigations have reported 
increases in SOD (Buczynski et al., 1991; M. F. Chen et al., 1994; Elosua et al., 2003), GPx 
(Buczynski et al., 1991; Elosua et al., 2003; Fatouros et al., 2004; Laaksonen et al., 1999), and 
CAT (Buczynski et al., 1991; Michailidis et al., 2007; Vider et al., 2001) following exercise. 
This increase in antioxidant enzyme activity may function to combat any increase in RONS 
resulting from ingestion of dietary nutrients. Only a few studies have reported null findings 
for SOD (Tozzi-Ciancarelli et al., 2002), GPx (Akova et al., 2001), and GR (Elosua et al., 2003). 
Although not directly considered to be an antioxidant, heat shock proteins (HSPs) have been 
shown to be important mediators of skeletal muscle insulin sensitivity, as well as aid in 
protection against oxidative stress (Geiger & Gupte, 2011). With acute exercise, HSPs have 
been shown to increase in response to body temperature variations, inflammation, and 
RONS production (K. L. Hamilton et al., 2003; Nishizawa et al., 1999; Smolka et al., 2000). 
Therefore, HSPs are sometimes considered as “complementary” to antioxidant function 
(Finaud, Lac, & Filaire, 2006; Smolka et al., 2000), due to protecting cells and intracellular 
proteins against RONS-induced damage (Fehrenbach & Northoff, 2001; K. L. Hamilton et 
al., 2003; Nishizawa et al., 1999). It’s important to note that within certain disease states, 
especially those associated with insulin resistance and aging, HSPs are decreased. This 
becomes an unfavorable situation considering that HSPs have been shown to decrease 
oxidative stress, inhibit inflammatory pathways, and enhance metabolic characteristics in 
skeletal muscle (Geiger & Gupte, 2011). Therefore, methods of increasing HSP production 
should be considered, with exercise being one such method. 

5.2 Chronic exercise 
5.2.1 Triglyceride metabolism 
As with acute exercise, chronic exercise training also results in beneficial changes in lipid 
metabolism and increased LPL activity (Peltonen et al., 1981); at least within a sample of 
non-diabetic subjects. However, when focusing on investigations using patients with T2DM, 
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contraction also induces this translocation independently of the initial insulin signaling, 
possibly through calcium and/or AMP kinase (Henriksen, 2002). An immediate increase in 
plasma GLUT4 transport protein content following moderate (Kristiansen et al., 1999) and 
high (Green et al., 2008; Kristiansen et al., 1996) intensity aerobic exercise has been noted. 
The increase in GLUT4 translocation in response to exercise may be necessary to allow for 
adequate glycogen replenishment (Thompson et al., 2001).  
In terms of improved insulin sensitivity in response to exercise, it has been reported that 
insulin transduction through insulin receptor IRS-1/2 and PI3-kinase is enhanced post-
exercise (Peres et al., 2005). This increase in skeletal muscle insulin sensitivity has been 
shown to last for up to 16 hours post-exercise (Chibalin et al., 2000; Ren et al., 1994). The 
enhanced removal of excess glucose from within the vasculature may be in conjunction with 
insulin independent increases of GLUT4 translocation, which in turn may relate to both 
reduced RONS production and maintenance of endothelial function. 
The majority of acute investigations related to increased glucose clearance have focused on 
moderate intensity aerobic exercise, with multiple studies reporting favorable effects, as 
reviewed elsewhere (Praet & van Loon, 2007). To our knowledge, only one investigation has 
focused on the effect of high intensity sprint exercise on glucose metabolism. Brestoff et al. 
(Brestoff et al., 2009) had subjects perform five 30 second sprints at 125% VO2peak with four 
minutes rest between sprints or 45 minutes of continuous exercise at 75% VO2peak. An oral 
glucose tolerance test (OGTT) was administered 12-16 hours after exercise, and blood 
samples were taken every 30 minutes for a two hour period following the OGTT. There was 
no significant effect of the sprint exercise with regards to blood glucose lowering; however, 
the endurance protocol significantly lowered the insulin response. One possible reason for 
the lack of significance regarding the sprint exercise bout may be due to the bout being 
performed 12-16 hours prior to the OGTT—a time that may have been too distant from 
exercise to elicit an effect. Kraniou et al. (G. N. Kraniou et al., 2006) also reported no 
significant differences in GLUT4 protein gene expression with higher intensity aerobic 
exercise (27 minutes at 83% VO2peak) compared to lower intensity aerobic exercise (60 
minutes at 39% VO2peak). Despite no significant difference between trials, both intensities 
resulted in a significant increase in GLUT4 protein and gene expression immediately and 
three hours post-exercise. Collectively, improvements in GLUT4 translocation immediately 
post-exercise (Kristiansen et al., 1997; Thorell et al., 1999), with significant increases in both 
gene expression (G. N. Kraniou et al., 2006; Y. Kraniou et al., 2000) and insulin sensitivity 
(Thong et al., 2003) lasting up to three hours post-exercise, may provide evidence for 
exercise to be performed closer to the actual test meal. 
In addition to aerobic and sprint exercise protocols, resistance exercise has also been used in 
an attempt to improve postprandial glucose metabolism. One investigation had subjects 
exercise 14 hours prior to consuming a carbohydrate-rich meal (Andersen & Hostmark, 
2007). Resistance exercise consisted of seven exercises performed for three sets of 10 
repetitions at an intensity of 50% 1RM. The authors reported that postprandial glucose 
response was significantly reduced in the exercise group when compared to the control 
group. Fluckey et al. (Fluckey et al., 1994) investigated the effects of resistance exercise on 
glucose tolerance in non-diabetic subjects and in those with non-insulin dependent diabetes 
mellitus (NIDDM) by performing three sets of 10 repetitions at 75% 1RM, 18 hours prior to 
an OGTT. It was concluded that a single resistance exercise session significantly enhanced 
insulin clearance, but not insulin secretion, in both control and NIDDM subjects.  
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5.1.3 Antioxidant capacity  
Although both a lowering of circulating triglycerides and blood glucose are thought to lead 
to lower production of RONS, improved antioxidant capacity may also serve to minimize 
the potential harm of increased RONS postprandially. Besides including more global 
markers of total antioxidant status, such as TEAC and ORAC, performing assays for 
individual antioxidant enzymes is another method to assess oxidative stress (e.g., 
superoxide dismutase [SOD], glutathione peroxidase [GPx], catalase [CAT], or glutathione 
reductase [GR]), as these enzyme may be up-regulated by an acute bout of exercise or may 
be acutely lowered owing to their combating nature against RONS. 
Many investigations have been performed to confirm the post-exercise change in 
antioxidant capacity. Although these investigations generally note a decrease in antioxidant 
status post-exercise (Di Massimo et al., 2004; Tozzi-Ciancarelli et al., 2002), this is usually 
transient, as defenses either return to, or exceed, their pre-exercise values shortly after 
exercise cessation (Alessio et al., 2000; Fatouros et al., 2004; Michailidis et al., 2007; Quindry 
et al., 2003; Steinberg et al., 2006; Vider et al., 2001; Watson et al., 2005). These findings 
confirm the short-term activity of antioxidants in handling RONS, as well as propose a 
hypothesis for the stimulatory effect of acute exercise on chronic antioxidant status. 
However, despite the increase in antioxidant status noted in some studies, other authors 
have reported no increase (Sen et al., 1994; H. K. Vincent et al., 2004), which may be 
attributed to sampling times related to the acute session.  
When focusing specifically on individual antioxidant enzymes, investigations have reported 
increases in SOD (Buczynski et al., 1991; M. F. Chen et al., 1994; Elosua et al., 2003), GPx 
(Buczynski et al., 1991; Elosua et al., 2003; Fatouros et al., 2004; Laaksonen et al., 1999), and 
CAT (Buczynski et al., 1991; Michailidis et al., 2007; Vider et al., 2001) following exercise. 
This increase in antioxidant enzyme activity may function to combat any increase in RONS 
resulting from ingestion of dietary nutrients. Only a few studies have reported null findings 
for SOD (Tozzi-Ciancarelli et al., 2002), GPx (Akova et al., 2001), and GR (Elosua et al., 2003). 
Although not directly considered to be an antioxidant, heat shock proteins (HSPs) have been 
shown to be important mediators of skeletal muscle insulin sensitivity, as well as aid in 
protection against oxidative stress (Geiger & Gupte, 2011). With acute exercise, HSPs have 
been shown to increase in response to body temperature variations, inflammation, and 
RONS production (K. L. Hamilton et al., 2003; Nishizawa et al., 1999; Smolka et al., 2000). 
Therefore, HSPs are sometimes considered as “complementary” to antioxidant function 
(Finaud, Lac, & Filaire, 2006; Smolka et al., 2000), due to protecting cells and intracellular 
proteins against RONS-induced damage (Fehrenbach & Northoff, 2001; K. L. Hamilton et 
al., 2003; Nishizawa et al., 1999). It’s important to note that within certain disease states, 
especially those associated with insulin resistance and aging, HSPs are decreased. This 
becomes an unfavorable situation considering that HSPs have been shown to decrease 
oxidative stress, inhibit inflammatory pathways, and enhance metabolic characteristics in 
skeletal muscle (Geiger & Gupte, 2011). Therefore, methods of increasing HSP production 
should be considered, with exercise being one such method. 

5.2 Chronic exercise 
5.2.1 Triglyceride metabolism 
As with acute exercise, chronic exercise training also results in beneficial changes in lipid 
metabolism and increased LPL activity (Peltonen et al., 1981); at least within a sample of 
non-diabetic subjects. However, when focusing on investigations using patients with T2DM, 
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the results are mixed. Two investigations have reported that patients with T2DM 
experienced a decrease in total cholesterol and low-density lipoprotein-cholesterol (LDL-C), 
as well as elevations in high-density lipoprotein-cholesterol (HDL-C) with aerobic training 
(consisting of mainly walking or running on a treadmill, cycling and calisthenics involving 
the upper and lower limbs) (Kadoglou et al., 2007; Ronnemaa et al., 1988) or walking (Araiza 
et al., 2006). However, other investigations with T2DM participants have noted no effect on 
the blood lipid profile following a period of exercise training (Loimaala et al., 2009; Sigal et 
al., 2007; Tudor-Locke et al., 2004).  
Some investigations have aimed to increase physical activity in an effort to attenuate 
triglyceride levels. Despite being successful in their objective to increase physical activity, 
this increase was not associated with any significant reductions in triglycerides (Loimaala et 
al., 2009; Sigal et al., 2007; Tudor-Locke et al., 2004). It is possible that exercise alone 
(particularly if low volume), without a concomitant change in dietary intake and decrease in 
weight loss, might not be adequate to significantly improve blood lipids in those with 
T2DM. For example, Barnard et al. (Barnard et al., 1982) completed a 26 day intervention 
involving exercise and dietary modification and noted that both total cholesterol and 
triglycerides were reduced compared to baseline. However, these changes appeared 
mediated by an average weight loss of 4.3 kg. Using a similar exercise and nutritional 
intervention, Barnard and colleagues (Barnard et al., 1992) later noted a reduction in total 
cholesterol, LDL-C, and the ratio of total cholesterol: HDL-C. However, like the earlier 
investigation, these effects may have been more mediated by the weight loss than by the 
exercise. These data highlight the potential role of combination treatment (i.e., exercise and 
weight reduction—possibly involving dietary modification) to improve blood lipids in those 
with T2DM.  

5.2.2 Glucose metabolism  
Aerobic exercise has been the primary mode prescribed for diabetes prevention and 
management. It has been shown that only one week of aerobic training can improve whole-
body insulin sensitivity in individuals with T2DM (Winnick et al., 2008). Although only 
persisting for a period of hours to days, moderate and vigorous aerobic training has been 
shown to improve insulin sensitivity (Bajpeyi et al., 2009; Evans et al., 2005; Galbo et al., 
2007; Houmard et al., 2004). The responsiveness of skeletal muscles to insulin has been 
shown to be enhanced with training due to the increases in expression and/or activity of 
proteins involved in glucose metabolism and insulin signaling (Christ-Roberts et al., 2004; 
Holten et al., 2004; O'Gorman et al., 2006; Y. Wang et al., 2009). Glycogen synthase activity 
and GLUT4 protein expression has been shown to increase from moderate training (Christ-
Roberts et al., 2004). Another key aspect related to improved insulin action and glycemic 
control is mediated through fat oxidation, and chronic training induces increased lipid 
storage in muscle, as well as increased fat oxidation capacity (Duncan et al., 2003; 
Goodpaster et al., 2003; Kelley & Kelley, 2007; Pruchnic et al., 2004).  
In addition to aerobic training, blood glucose control and insulin action has also been shown 
to be favorably impacted by resistance training (N. D. Cohen et al., 2008; Dunstan et al., 
2002; Ibanez et al., 2005; Ibanez et al., 2008; Ishii et al., 1998). One investigation consisted of 
twice-weekly progressive resistance training for 16 weeks by older men with newly 
diagnosed T2DM (Ibanez et al., 2005). The authors reported a 46% increase in insulin action, 
7% reduction in fasting blood glucose, and a significant loss of visceral fat. Muscle mass 
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increases from resistance training may also aid in blood glucose uptake due to the actual 
increase in mass, and heavy resistance training may also help to reverse or prevent further 
loss of skeletal muscle due to disuse and aging (Castaneda et al., 2002; Willey & Singh, 
2003).  

5.2.3 Antioxidant capacity 
Participating in regular physical activity has been shown to be an effective means of 
increasing antioxidant defense (Ji, 1999; Kojda & Hambrecht, 2005). Exercise, in particular of 
aerobic nature (Elosua et al., 2003; Marzatico et al., 1997; May et al., 1996; H. Miyazaki et al., 
2001; Selamoglu et al., 2000), may lead to up-regulation in antioxidant enzymes that are 
situated at the muscular, plasmatic, hepatic, and cardiac levels (Chevion et al., 2003; Venditti 
& Di Meo, 1997). With regards to muscle, the effect may be strongest for tissue with high 
oxidative power (e.g., type I fibers) (Hollander et al., 1999; Inal et al., 2001; Leeuwenburgh et 
al., 1999). It should be noted that the absolute magnitude of change in antioxidant enzymes 
may differ, with SOD and GPx noted to increase more than CAT (Hollander et al., 1999; 
Leeuwenburgh et al., 1999; H. Miyazaki et al., 2001; Ohno et al., 1988; Powers et al., 1999). 
There are less data pertaining to the impact of anaerobic exercise on antioxidant capacity. 
However, it has been reported that anaerobically trained individuals have lower oxidative 
stress and experience less muscular damage after exercise when compared with untrained 
individuals (Ortenblad et al., 1997; Selamoglu et al., 2000). Moreover, anaerobic trained 
participants have been reported to have higher antioxidant enzyme activity in blood and 
working muscle (Hellsten et al., 1996; Marzatico et al., 1997; Ortenblad et al., 1997; K. R. 
Vincent et al., 2002); however, exceptions to this finding exist (Selamoglu et al., 2000). Heat 
shock proteins have also been shown to increase as a result to chronic anaerobic training 
(Carmeli et al., 2010), suggesting that cellular protection is increased as an adaptation to this 
form of exercise.  

5.3 Summary of exercise 
Although exercise may elicit a transient increase in RONS, it is clear from multiple studies 
that both acute and chronic exercise may improve certain aspects of metabolic function—
including enhanced triglyceride and glucose clearance, as well as increased antioxidant 
defense. Because elevated triglyceride and glucose (in particular in response to high fat 
and/or high carbohydrate feeding) is associated with increased production of RONS, any 
decrease in circulating triglyceride and glucose may be related to lower postprandial 
oxidative stress. Few studies have directly measured postprandial oxidative stress in 
association with acute or chronic exercise. Therefore results need to be inferred based on the 
observed changes in triglyceride and glucose. Further work is needed to provide more 
convincing evidence for such an effect.  

6. Nutrients and postprandial oxidative stress 
The multifaceted etiology of diabetes has given rise to a number of interventions in an 
attempt to minimize disease progression. Regular exercise (Praet & van Loon, 2007; Tucker 
et al., 2008), weight control (Mavian et al., 2010), pharmaceuticals (Nakajima, 2010; O'Keefe 
et al., 2011), and selected nutrients (Badimon et al., 2010; Davi et al., 2010; Nahas & Moher, 
2009) have been scientifically supported to aid in diabetes management. Considering that 
inhabitants of the Western world spend up to 16 hours of the day in the postprandial state 
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the results are mixed. Two investigations have reported that patients with T2DM 
experienced a decrease in total cholesterol and low-density lipoprotein-cholesterol (LDL-C), 
as well as elevations in high-density lipoprotein-cholesterol (HDL-C) with aerobic training 
(consisting of mainly walking or running on a treadmill, cycling and calisthenics involving 
the upper and lower limbs) (Kadoglou et al., 2007; Ronnemaa et al., 1988) or walking (Araiza 
et al., 2006). However, other investigations with T2DM participants have noted no effect on 
the blood lipid profile following a period of exercise training (Loimaala et al., 2009; Sigal et 
al., 2007; Tudor-Locke et al., 2004).  
Some investigations have aimed to increase physical activity in an effort to attenuate 
triglyceride levels. Despite being successful in their objective to increase physical activity, 
this increase was not associated with any significant reductions in triglycerides (Loimaala et 
al., 2009; Sigal et al., 2007; Tudor-Locke et al., 2004). It is possible that exercise alone 
(particularly if low volume), without a concomitant change in dietary intake and decrease in 
weight loss, might not be adequate to significantly improve blood lipids in those with 
T2DM. For example, Barnard et al. (Barnard et al., 1982) completed a 26 day intervention 
involving exercise and dietary modification and noted that both total cholesterol and 
triglycerides were reduced compared to baseline. However, these changes appeared 
mediated by an average weight loss of 4.3 kg. Using a similar exercise and nutritional 
intervention, Barnard and colleagues (Barnard et al., 1992) later noted a reduction in total 
cholesterol, LDL-C, and the ratio of total cholesterol: HDL-C. However, like the earlier 
investigation, these effects may have been more mediated by the weight loss than by the 
exercise. These data highlight the potential role of combination treatment (i.e., exercise and 
weight reduction—possibly involving dietary modification) to improve blood lipids in those 
with T2DM.  

5.2.2 Glucose metabolism  
Aerobic exercise has been the primary mode prescribed for diabetes prevention and 
management. It has been shown that only one week of aerobic training can improve whole-
body insulin sensitivity in individuals with T2DM (Winnick et al., 2008). Although only 
persisting for a period of hours to days, moderate and vigorous aerobic training has been 
shown to improve insulin sensitivity (Bajpeyi et al., 2009; Evans et al., 2005; Galbo et al., 
2007; Houmard et al., 2004). The responsiveness of skeletal muscles to insulin has been 
shown to be enhanced with training due to the increases in expression and/or activity of 
proteins involved in glucose metabolism and insulin signaling (Christ-Roberts et al., 2004; 
Holten et al., 2004; O'Gorman et al., 2006; Y. Wang et al., 2009). Glycogen synthase activity 
and GLUT4 protein expression has been shown to increase from moderate training (Christ-
Roberts et al., 2004). Another key aspect related to improved insulin action and glycemic 
control is mediated through fat oxidation, and chronic training induces increased lipid 
storage in muscle, as well as increased fat oxidation capacity (Duncan et al., 2003; 
Goodpaster et al., 2003; Kelley & Kelley, 2007; Pruchnic et al., 2004).  
In addition to aerobic training, blood glucose control and insulin action has also been shown 
to be favorably impacted by resistance training (N. D. Cohen et al., 2008; Dunstan et al., 
2002; Ibanez et al., 2005; Ibanez et al., 2008; Ishii et al., 1998). One investigation consisted of 
twice-weekly progressive resistance training for 16 weeks by older men with newly 
diagnosed T2DM (Ibanez et al., 2005). The authors reported a 46% increase in insulin action, 
7% reduction in fasting blood glucose, and a significant loss of visceral fat. Muscle mass 
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increases from resistance training may also aid in blood glucose uptake due to the actual 
increase in mass, and heavy resistance training may also help to reverse or prevent further 
loss of skeletal muscle due to disuse and aging (Castaneda et al., 2002; Willey & Singh, 
2003).  

5.2.3 Antioxidant capacity 
Participating in regular physical activity has been shown to be an effective means of 
increasing antioxidant defense (Ji, 1999; Kojda & Hambrecht, 2005). Exercise, in particular of 
aerobic nature (Elosua et al., 2003; Marzatico et al., 1997; May et al., 1996; H. Miyazaki et al., 
2001; Selamoglu et al., 2000), may lead to up-regulation in antioxidant enzymes that are 
situated at the muscular, plasmatic, hepatic, and cardiac levels (Chevion et al., 2003; Venditti 
& Di Meo, 1997). With regards to muscle, the effect may be strongest for tissue with high 
oxidative power (e.g., type I fibers) (Hollander et al., 1999; Inal et al., 2001; Leeuwenburgh et 
al., 1999). It should be noted that the absolute magnitude of change in antioxidant enzymes 
may differ, with SOD and GPx noted to increase more than CAT (Hollander et al., 1999; 
Leeuwenburgh et al., 1999; H. Miyazaki et al., 2001; Ohno et al., 1988; Powers et al., 1999). 
There are less data pertaining to the impact of anaerobic exercise on antioxidant capacity. 
However, it has been reported that anaerobically trained individuals have lower oxidative 
stress and experience less muscular damage after exercise when compared with untrained 
individuals (Ortenblad et al., 1997; Selamoglu et al., 2000). Moreover, anaerobic trained 
participants have been reported to have higher antioxidant enzyme activity in blood and 
working muscle (Hellsten et al., 1996; Marzatico et al., 1997; Ortenblad et al., 1997; K. R. 
Vincent et al., 2002); however, exceptions to this finding exist (Selamoglu et al., 2000). Heat 
shock proteins have also been shown to increase as a result to chronic anaerobic training 
(Carmeli et al., 2010), suggesting that cellular protection is increased as an adaptation to this 
form of exercise.  

5.3 Summary of exercise 
Although exercise may elicit a transient increase in RONS, it is clear from multiple studies 
that both acute and chronic exercise may improve certain aspects of metabolic function—
including enhanced triglyceride and glucose clearance, as well as increased antioxidant 
defense. Because elevated triglyceride and glucose (in particular in response to high fat 
and/or high carbohydrate feeding) is associated with increased production of RONS, any 
decrease in circulating triglyceride and glucose may be related to lower postprandial 
oxidative stress. Few studies have directly measured postprandial oxidative stress in 
association with acute or chronic exercise. Therefore results need to be inferred based on the 
observed changes in triglyceride and glucose. Further work is needed to provide more 
convincing evidence for such an effect.  

6. Nutrients and postprandial oxidative stress 
The multifaceted etiology of diabetes has given rise to a number of interventions in an 
attempt to minimize disease progression. Regular exercise (Praet & van Loon, 2007; Tucker 
et al., 2008), weight control (Mavian et al., 2010), pharmaceuticals (Nakajima, 2010; O'Keefe 
et al., 2011), and selected nutrients (Badimon et al., 2010; Davi et al., 2010; Nahas & Moher, 
2009) have been scientifically supported to aid in diabetes management. Considering that 
inhabitants of the Western world spend up to 16 hours of the day in the postprandial state 
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(de Koning & Rabelink, 2002), and that postprandial oxidative stress is hypothesized to be 
the pathogenic mechanism underlying diabetes and cardiovascular disease (Ceriello & 
Motz, 2004; Fisher-Wellman & Bloomer, 2009b), the use of selected nutrients as a therapeutic 
tool to help control diabetes should be considered. Of course, the fundamentals of optimal 
dietary intake inclusive of the consumption of a nutrient dense, moderate to low calorie diet, 
ideally consumed over multiple balanced meals throughout the day (Bloomer, Kabir, 
Marshall et al., 2010), and inclusive of fruits and vegetables (S. Liu et al., 2000), whole grains 
(S. Liu et al., 1999), and relatively low amounts of saturated fats should be considered first. 
However, beyond the foundational plan, there exist a number of nutraceuticals, functional 
foods, and dietary strategies that have been shown to attenuate the postprandial rise in 
triglycerides, glucose, and subsequent oxidative stress, as well as improve antioxidant 
status. Therefore, intake of selected nutrients may be considered as a preventive measure, as 
well as a treatment option, for individuals with impaired glucose tolerance (IGT). 
The focus of this section is to highlight nutrients that have a potential influence on 
ameliorating the rise in postprandial oxidative stress. As mentioned previously in this 
chapter, postprandial oxidative stress appears contingent upon the magnitude and rate of 
postprandial glycemia and triglyceridemia (O'Keefe & Bell, 2007). Individuals who are obese 
or have metabolic or cardiovascular disease appear to be more susceptible to postprandial 
oxidative stress, and they typically experience more robust and prolonged periods of 
hyperglycemia (Y. Miyazaki et al., 2007; Schindhelm et al., 2007; Serin et al., 2007) and 
hypertriglyceridemia (Ceriello et al., 2002; Nappo et al., 2002) post-feeding, as compared to 
non-diseased individuals. Again, elevations in blood glucose and triglycerides are directly 
associated with superoxide production (Bae et al., 2001); hence, a greater increase in either 
blood glucose or triglyceride post-feeding may be associated with a greater increase in 
postprandial oxidative stress. This has been reported previously in patients with T2DM 
(Saxena et al., 2005), as well as in those with coronary artery disease (Graner et al., 2006).  
The following sections are focused primarily on highlighting nutrients that enhance 
triglyceride and glucose clearance, are associated with lower biomarkers of oxidative stress, 
improve antioxidant status, and augment endothelial function. Specific attention is given to 
literature focused on outcomes in the postprandial period, given that fasting is not the usual 
physiological state of modern humans, especially in the Western world. It should be 
understood that due to the vast and increasing study in this area of investigation, the 
present chapter does not exhaust the literature pertaining to this line of work. However, 
several well-studied nutrients are included for discussion. Moreover, while we provide brief 
information pertaining to the potential mechanisms of actions for selected nutrients, a 
complete discussion is beyond the scope of this chapter. We refer readers to the individual 
manuscripts for more information on possible mechanisms of action. 

6.1 Nutritional supplements 
The use of nutrition supplements for purposes of aiding postprandial metabolism is 
widespread. Although a variety of ingredients and finished products have been studied, 
those with greatest interest appear to be antioxidants and insulin mimetic agents. The text 
below illustrates the varying effects of several antioxidants, in diabetic and healthy 
populations. Additional ingredients used primarily for purposes of altering glucose, and in 
some cases lipid, metabolism, are also presented. The mixed findings across studies extend 
to some longitudinal intervention studies (some of which may include the use of sub-
optimal dosing of nutrients (Sesso et al., 2008)), indicating that more research is needed to 
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elucidate the optimal dosage and duration of supplementation, as well as the population 
who might benefit most from supplementation.  

6.1.1 Vitamin C 
Vitamin C supplementation (800mg·day-1) in T2DM patients with low plasma vitamin C for 
four weeks was found not to be effective at improving endothelial dysfunction and insulin 
sensitivity, despite increasing endogenous vitamin C levels (H. Chen et al., 2006). Similarly, 
1.5g·day-1 of vitamin C for three weeks did not improve fasting plasma concentrations of 
oxidative stress biomarkers, blood glucose, lipid profile, or blood pressure, despite also 
increasing endogenous concentrations of vitamin C (Darko et al., 2002). In contrast to these 
null findings, 1g·day-1 of vitamin C for three days completely abolished the postprandial 
oxidative stress insult, and blunted the deterioration of endothelial function, to a high fat 
meal in patients with T2DM (R. A. Anderson et al., 2006). Moreover, pharmacological 
infusion with vitamin C has been found to acutely improve endothelial dysfunction in 
patients with insulin-dependent DM (Timimi et al., 1998), NIDDM (Ting et al., 1996), and 
healthy subjects (Beckman et al., 2001). Finally, intravenous infusion of vitamin C improved 
endothelial function and insulin sensitivity in patients with coronary spastic angina 
following an OGTT (Hirashima et al., 2000).  

6.1.2 Vitamin E 
Like vitamin C, vitamin E (α-tocopherol) supplementation has been similarly ambiguous 
with regards to improving biomarkers of oxidative stress and cardiovascular risk factors. On 
the one hand, vitamin E supplementation was associated with significant reduction in 
biomarkers of oxidative stress in NIDDM patients supplemented with 600mg·day-1 for two 
weeks (Davi et al., 1999). Additionally, 98 Korean patients with T2DM treated with 
continuous subcutaneous insulin infusion and 200mg·day-1 vitamin E for two months had 
significantly decreased red blood cell lipid peroxide concentrations (Park & Choi, 2002). 
However, Winterbone and colleagues (Winterbone et al., 2007) found that 1200IU·day-1 of 
vitamin E for four weeks in T2DM patients resulted in a significant prooxidant effect 
mediated through DNA damage to mononuclear cells after an OGTT, despite no changes in 
fasting oxidative measures. The ability of vitamin E to act as a pro-oxidant and increase the 
peroxidation of lipids has been established in vitro (Bowry et al., 1992; Santanam & 
Parthasarathy, 1995); while the work of Winterbone et al. (Winterbone et al., 2007) suggests 
the possibility that a high dose of vitamin E is also potentially damaging in vivo in patients 
with T2DM.  

6.1.3 α-lipoic acid 
The antioxidant α-lipoic acid (ALA) has illustrated efficacy when prescribed to patients with 
T2DM. Three weeks of treatment with ALA (600, 1200, or 1800 mg·day-1) resulted in a 
significant increase in insulin-stimulated glucose disposal compared to placebo (Jacob et al., 
1999). Three weeks of treatment with intravenous infusion of ALA (600mg·day-1) in subjects 
with impaired fasting glucose (IFG) illustrated a significant increase in endothelium-
dependent arterial dilation and a significant decrease in plasma TBARS (Xiang et al., 2011). 
Acutely, in patients with IGT, plasma glucose levels were similar between the ALA group 
(300mg) and placebo group during an OGTT. However, at 1 and 2 hours, flow mediated 
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(de Koning & Rabelink, 2002), and that postprandial oxidative stress is hypothesized to be 
the pathogenic mechanism underlying diabetes and cardiovascular disease (Ceriello & 
Motz, 2004; Fisher-Wellman & Bloomer, 2009b), the use of selected nutrients as a therapeutic 
tool to help control diabetes should be considered. Of course, the fundamentals of optimal 
dietary intake inclusive of the consumption of a nutrient dense, moderate to low calorie diet, 
ideally consumed over multiple balanced meals throughout the day (Bloomer, Kabir, 
Marshall et al., 2010), and inclusive of fruits and vegetables (S. Liu et al., 2000), whole grains 
(S. Liu et al., 1999), and relatively low amounts of saturated fats should be considered first. 
However, beyond the foundational plan, there exist a number of nutraceuticals, functional 
foods, and dietary strategies that have been shown to attenuate the postprandial rise in 
triglycerides, glucose, and subsequent oxidative stress, as well as improve antioxidant 
status. Therefore, intake of selected nutrients may be considered as a preventive measure, as 
well as a treatment option, for individuals with impaired glucose tolerance (IGT). 
The focus of this section is to highlight nutrients that have a potential influence on 
ameliorating the rise in postprandial oxidative stress. As mentioned previously in this 
chapter, postprandial oxidative stress appears contingent upon the magnitude and rate of 
postprandial glycemia and triglyceridemia (O'Keefe & Bell, 2007). Individuals who are obese 
or have metabolic or cardiovascular disease appear to be more susceptible to postprandial 
oxidative stress, and they typically experience more robust and prolonged periods of 
hyperglycemia (Y. Miyazaki et al., 2007; Schindhelm et al., 2007; Serin et al., 2007) and 
hypertriglyceridemia (Ceriello et al., 2002; Nappo et al., 2002) post-feeding, as compared to 
non-diseased individuals. Again, elevations in blood glucose and triglycerides are directly 
associated with superoxide production (Bae et al., 2001); hence, a greater increase in either 
blood glucose or triglyceride post-feeding may be associated with a greater increase in 
postprandial oxidative stress. This has been reported previously in patients with T2DM 
(Saxena et al., 2005), as well as in those with coronary artery disease (Graner et al., 2006).  
The following sections are focused primarily on highlighting nutrients that enhance 
triglyceride and glucose clearance, are associated with lower biomarkers of oxidative stress, 
improve antioxidant status, and augment endothelial function. Specific attention is given to 
literature focused on outcomes in the postprandial period, given that fasting is not the usual 
physiological state of modern humans, especially in the Western world. It should be 
understood that due to the vast and increasing study in this area of investigation, the 
present chapter does not exhaust the literature pertaining to this line of work. However, 
several well-studied nutrients are included for discussion. Moreover, while we provide brief 
information pertaining to the potential mechanisms of actions for selected nutrients, a 
complete discussion is beyond the scope of this chapter. We refer readers to the individual 
manuscripts for more information on possible mechanisms of action. 

6.1 Nutritional supplements 
The use of nutrition supplements for purposes of aiding postprandial metabolism is 
widespread. Although a variety of ingredients and finished products have been studied, 
those with greatest interest appear to be antioxidants and insulin mimetic agents. The text 
below illustrates the varying effects of several antioxidants, in diabetic and healthy 
populations. Additional ingredients used primarily for purposes of altering glucose, and in 
some cases lipid, metabolism, are also presented. The mixed findings across studies extend 
to some longitudinal intervention studies (some of which may include the use of sub-
optimal dosing of nutrients (Sesso et al., 2008)), indicating that more research is needed to 
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elucidate the optimal dosage and duration of supplementation, as well as the population 
who might benefit most from supplementation.  

6.1.1 Vitamin C 
Vitamin C supplementation (800mg·day-1) in T2DM patients with low plasma vitamin C for 
four weeks was found not to be effective at improving endothelial dysfunction and insulin 
sensitivity, despite increasing endogenous vitamin C levels (H. Chen et al., 2006). Similarly, 
1.5g·day-1 of vitamin C for three weeks did not improve fasting plasma concentrations of 
oxidative stress biomarkers, blood glucose, lipid profile, or blood pressure, despite also 
increasing endogenous concentrations of vitamin C (Darko et al., 2002). In contrast to these 
null findings, 1g·day-1 of vitamin C for three days completely abolished the postprandial 
oxidative stress insult, and blunted the deterioration of endothelial function, to a high fat 
meal in patients with T2DM (R. A. Anderson et al., 2006). Moreover, pharmacological 
infusion with vitamin C has been found to acutely improve endothelial dysfunction in 
patients with insulin-dependent DM (Timimi et al., 1998), NIDDM (Ting et al., 1996), and 
healthy subjects (Beckman et al., 2001). Finally, intravenous infusion of vitamin C improved 
endothelial function and insulin sensitivity in patients with coronary spastic angina 
following an OGTT (Hirashima et al., 2000).  

6.1.2 Vitamin E 
Like vitamin C, vitamin E (α-tocopherol) supplementation has been similarly ambiguous 
with regards to improving biomarkers of oxidative stress and cardiovascular risk factors. On 
the one hand, vitamin E supplementation was associated with significant reduction in 
biomarkers of oxidative stress in NIDDM patients supplemented with 600mg·day-1 for two 
weeks (Davi et al., 1999). Additionally, 98 Korean patients with T2DM treated with 
continuous subcutaneous insulin infusion and 200mg·day-1 vitamin E for two months had 
significantly decreased red blood cell lipid peroxide concentrations (Park & Choi, 2002). 
However, Winterbone and colleagues (Winterbone et al., 2007) found that 1200IU·day-1 of 
vitamin E for four weeks in T2DM patients resulted in a significant prooxidant effect 
mediated through DNA damage to mononuclear cells after an OGTT, despite no changes in 
fasting oxidative measures. The ability of vitamin E to act as a pro-oxidant and increase the 
peroxidation of lipids has been established in vitro (Bowry et al., 1992; Santanam & 
Parthasarathy, 1995); while the work of Winterbone et al. (Winterbone et al., 2007) suggests 
the possibility that a high dose of vitamin E is also potentially damaging in vivo in patients 
with T2DM.  

6.1.3 α-lipoic acid 
The antioxidant α-lipoic acid (ALA) has illustrated efficacy when prescribed to patients with 
T2DM. Three weeks of treatment with ALA (600, 1200, or 1800 mg·day-1) resulted in a 
significant increase in insulin-stimulated glucose disposal compared to placebo (Jacob et al., 
1999). Three weeks of treatment with intravenous infusion of ALA (600mg·day-1) in subjects 
with impaired fasting glucose (IFG) illustrated a significant increase in endothelium-
dependent arterial dilation and a significant decrease in plasma TBARS (Xiang et al., 2011). 
Acutely, in patients with IGT, plasma glucose levels were similar between the ALA group 
(300mg) and placebo group during an OGTT. However, at 1 and 2 hours, flow mediated 
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dilation was significantly elevated in the ALA group compared to the placebo group, and 
plasma glucose levels were negatively correlated with endothelial function. After 
supplementation with ALA, the power of this association decreased. Similarly, flow 
mediated dilation decreased in association with an increase in TBARS, and the strength of 
this association also decreased after supplementation with ALA (Xiang et al., 2008). 

6.1.4 Coenzyme Q10 
Coenzyme Q10 (CoQ10) is a critical intermediate of mitochondrial electron transport chain 
activity that regulates cytoplasmic redox potential and can inhibit superoxide generation by 
endothelial cells (Beyer, 1990; McCarty, 1999). Two separate human trials, one with 
hyperglycemic T2DM patients and one with statin-treated T2DM patients, elicited 
approximately parallel results. Specifically, twelve weeks of supplementation with 200mg of 
CoQ10 or placebo resulted in significant increases in plasma CoQ10, respectively, and 
improved flow mediated dilation (S. J. Hamilton et al., 2009; Watts et al., 2002). However, 
neither trial found an alteration in biomarkers of oxidative stress or antioxidant capacity, 
lipid profiles, glycemic control, or blood pressure after supplementation. 

6.1.5 Carnitine 
Carnitine is an essential compound that assists in the transport of long-chain fatty acids into 
the mitochondrial matrix for subsequent oxidation. Additionally, in vitro and in vivo 
evidence supports the role of carnitine as an antioxidant (Calo et al., 2006). Endothelial 
function, assessed by flow mediated dilation in the brachial artery was improved after a 
high-fat meal consumed with 2g L-carnitine and preceded by three weeks of carnitine 
supplementation in healthy, young men and women (Volek et al., 2008). There was no 
significant postprandial differences in triglycerides, inflammatory markers, interleukin-6 
(IL-6), TNF-α, or MDA between placebo and treatment. In pre-diabetics (fasting blood 
glucose: 100-125 mg·dL-1) 3g·day-1 acetyl L-carnitine arginate resulted in a significant 
increase in fasting nitrate/nitrite, suggesting a possible impact on vascular function 
(although not specifically determined). However, little other effects were noted for a variety 
of oxidative stress biomarkers (Bloomer et al., 2009). 

6.1.6 Lycopene 
Lyopene is a highly unsaturated carotenoid found predominantly in tomato products 
(Clinton, 1998). Four weeks of lycopene supplementation (tomato-derived Lyc-O-Mato) at 
30mg·day-1 in obese patients was not found to favorably influence markers of inflammation 
and oxidation biomarkers, despite a significant increase in plasma cartenoids, and 
specifically lyopene (Markovits et al., 2009). One week of lyopene supplementation 
(80mg·day-1) was found again to increased endogenous capacity of plasma lipid-soluble 
antioxidants (lycopene, β-carotene, and α-tocopherol); however, biomarkers of vascular 
oxidative stress and inflammation were unaffected in the fasted state, as well as post 
consumption of a high fat meal, in young, healthy subjects (Denniss et al., 2008). Finally, 
both acute (24 hour) and long-term (seven day) tomato puree consumption had no effects on 
endothelial dysfunction after consumption of a meal, despite a significant increase in plasma 
lyopene levels in healthy postmenopausal women (Stangl et al., 2011). 
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6.1.7 Catechins 
Tea is made from the leaves of the evergreen Camellia sinensis. Tea is a rich source 
polyphenolic compounds called catechins, especially epigallocatechin gallate (EGCG), 
which are hypothesized to have multiple health-promoting effects (Higdon & Frei, 2003), 
including a potential impact on T2DM (Thielecke & Boschmann, 2009). Chronic green tea 
supplementation has been shown to significantly decrease lipid peroxidation and a trend to 
lower LDL-C (non-significantly) when supplemented for eight weeks in obese subjects with 
metabolic syndrome (Basu et al., 2010). On the other hand, three months of supplementation 
with an extract of green and black tea was found to elicit non-significant differences in 
glycosylated hemoglobin (HbA1c) between treatment groups in a placebo controlled 
multiple-dose study in patients with T2DM (Mackenzie et al., 2007).  
Tea catechins consumed acutely have been shown to decrease incremental area under the 
curve (AUC) for triglycerides in a dose dependent manner in men with mild or borderline 
hypertriglyceridemia. Moreover, tea catechin supplementation resulted in a significant 
suppression of remnant-like particle cholesterol at an early postprandial stage, but this 
failed to achieve statistical significance for overall incremental AUC (Unno et al., 2005). In 
healthy subjects, 300mL of green tea was shown to have no glucose or insulin-lowering 
effects (Josic et al., 2010). 

6.1.8 Red wine (polyphenols) 
Consumption of 300mL of red wine taken in conjunction with an acute high fat meal was 
found to significantly preserve antioxidant defenses and reduce both LDL-C susceptibility 
to oxidation and thrombotic activation, in T2DM patients (Ceriello et al., 2001). Also, a trend 
was seen for decreased triglycerides across the 3 hour postprandial time period; however, 
glucose and insulin appeared to be unaffected. In healthy subjects, 250mL of red wine in 
conjunction with an acute high fat meal significantly reduced the oxidative insult (increased 
antioxidant capacity and decreased oxidative stress biomarkers), without significantly 
modifying lipid profile (Ventura et al., 2004). Finally, 300mg of grape seed 
proanthocyanidins was given to healthy volunteers before the consumption of a test meal. It 
was found that grape seed extract minimizes the postprandial oxidative stress by decreasing 
oxidants and increasing antioxidant levels, tending to protect LDL-C from oxidative 
modification (Natella et al., 2002). 
In relation to the above, the consumption of red wine may be linked to the ‘French Paradox’ 
(Renaud & de Lorgeril, 1992): derived from an examination of World Health Organization 
(WHO) epidemiological data, identifying that subjects in France, despite of diet highly 
comprised of saturated fat, comparable cholesterol and similar risk factors, showed 
considerably lower incidence of death from coronary heart disease compared with other 
countries such as the USA. Further analysis suggests that alcohol consumption, in particular 
red wine, might provide superior protection compared with other nutrients and beverages. 
Although the specific mechanism behind the French paradox has not been identified, in vitro 
data has proposed that the flavonoid components in red wine have strong antioxidant 
properties (Demrow et al., 1995; Sun et al., 2009), possibly contributing to observed 
cardiovascular benefits.  
Some subsequent applied human research has supported these claims. For example, 
moderate red wine consumption (118 mL·day-1) for 12 months, in subjects with T2DM who 
had sustained their first non-fatal myocardial infarction, was associated with significant 
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dilation was significantly elevated in the ALA group compared to the placebo group, and 
plasma glucose levels were negatively correlated with endothelial function. After 
supplementation with ALA, the power of this association decreased. Similarly, flow 
mediated dilation decreased in association with an increase in TBARS, and the strength of 
this association also decreased after supplementation with ALA (Xiang et al., 2008). 

6.1.4 Coenzyme Q10 
Coenzyme Q10 (CoQ10) is a critical intermediate of mitochondrial electron transport chain 
activity that regulates cytoplasmic redox potential and can inhibit superoxide generation by 
endothelial cells (Beyer, 1990; McCarty, 1999). Two separate human trials, one with 
hyperglycemic T2DM patients and one with statin-treated T2DM patients, elicited 
approximately parallel results. Specifically, twelve weeks of supplementation with 200mg of 
CoQ10 or placebo resulted in significant increases in plasma CoQ10, respectively, and 
improved flow mediated dilation (S. J. Hamilton et al., 2009; Watts et al., 2002). However, 
neither trial found an alteration in biomarkers of oxidative stress or antioxidant capacity, 
lipid profiles, glycemic control, or blood pressure after supplementation. 

6.1.5 Carnitine 
Carnitine is an essential compound that assists in the transport of long-chain fatty acids into 
the mitochondrial matrix for subsequent oxidation. Additionally, in vitro and in vivo 
evidence supports the role of carnitine as an antioxidant (Calo et al., 2006). Endothelial 
function, assessed by flow mediated dilation in the brachial artery was improved after a 
high-fat meal consumed with 2g L-carnitine and preceded by three weeks of carnitine 
supplementation in healthy, young men and women (Volek et al., 2008). There was no 
significant postprandial differences in triglycerides, inflammatory markers, interleukin-6 
(IL-6), TNF-α, or MDA between placebo and treatment. In pre-diabetics (fasting blood 
glucose: 100-125 mg·dL-1) 3g·day-1 acetyl L-carnitine arginate resulted in a significant 
increase in fasting nitrate/nitrite, suggesting a possible impact on vascular function 
(although not specifically determined). However, little other effects were noted for a variety 
of oxidative stress biomarkers (Bloomer et al., 2009). 

6.1.6 Lycopene 
Lyopene is a highly unsaturated carotenoid found predominantly in tomato products 
(Clinton, 1998). Four weeks of lycopene supplementation (tomato-derived Lyc-O-Mato) at 
30mg·day-1 in obese patients was not found to favorably influence markers of inflammation 
and oxidation biomarkers, despite a significant increase in plasma cartenoids, and 
specifically lyopene (Markovits et al., 2009). One week of lyopene supplementation 
(80mg·day-1) was found again to increased endogenous capacity of plasma lipid-soluble 
antioxidants (lycopene, β-carotene, and α-tocopherol); however, biomarkers of vascular 
oxidative stress and inflammation were unaffected in the fasted state, as well as post 
consumption of a high fat meal, in young, healthy subjects (Denniss et al., 2008). Finally, 
both acute (24 hour) and long-term (seven day) tomato puree consumption had no effects on 
endothelial dysfunction after consumption of a meal, despite a significant increase in plasma 
lyopene levels in healthy postmenopausal women (Stangl et al., 2011). 
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6.1.7 Catechins 
Tea is made from the leaves of the evergreen Camellia sinensis. Tea is a rich source 
polyphenolic compounds called catechins, especially epigallocatechin gallate (EGCG), 
which are hypothesized to have multiple health-promoting effects (Higdon & Frei, 2003), 
including a potential impact on T2DM (Thielecke & Boschmann, 2009). Chronic green tea 
supplementation has been shown to significantly decrease lipid peroxidation and a trend to 
lower LDL-C (non-significantly) when supplemented for eight weeks in obese subjects with 
metabolic syndrome (Basu et al., 2010). On the other hand, three months of supplementation 
with an extract of green and black tea was found to elicit non-significant differences in 
glycosylated hemoglobin (HbA1c) between treatment groups in a placebo controlled 
multiple-dose study in patients with T2DM (Mackenzie et al., 2007).  
Tea catechins consumed acutely have been shown to decrease incremental area under the 
curve (AUC) for triglycerides in a dose dependent manner in men with mild or borderline 
hypertriglyceridemia. Moreover, tea catechin supplementation resulted in a significant 
suppression of remnant-like particle cholesterol at an early postprandial stage, but this 
failed to achieve statistical significance for overall incremental AUC (Unno et al., 2005). In 
healthy subjects, 300mL of green tea was shown to have no glucose or insulin-lowering 
effects (Josic et al., 2010). 

6.1.8 Red wine (polyphenols) 
Consumption of 300mL of red wine taken in conjunction with an acute high fat meal was 
found to significantly preserve antioxidant defenses and reduce both LDL-C susceptibility 
to oxidation and thrombotic activation, in T2DM patients (Ceriello et al., 2001). Also, a trend 
was seen for decreased triglycerides across the 3 hour postprandial time period; however, 
glucose and insulin appeared to be unaffected. In healthy subjects, 250mL of red wine in 
conjunction with an acute high fat meal significantly reduced the oxidative insult (increased 
antioxidant capacity and decreased oxidative stress biomarkers), without significantly 
modifying lipid profile (Ventura et al., 2004). Finally, 300mg of grape seed 
proanthocyanidins was given to healthy volunteers before the consumption of a test meal. It 
was found that grape seed extract minimizes the postprandial oxidative stress by decreasing 
oxidants and increasing antioxidant levels, tending to protect LDL-C from oxidative 
modification (Natella et al., 2002). 
In relation to the above, the consumption of red wine may be linked to the ‘French Paradox’ 
(Renaud & de Lorgeril, 1992): derived from an examination of World Health Organization 
(WHO) epidemiological data, identifying that subjects in France, despite of diet highly 
comprised of saturated fat, comparable cholesterol and similar risk factors, showed 
considerably lower incidence of death from coronary heart disease compared with other 
countries such as the USA. Further analysis suggests that alcohol consumption, in particular 
red wine, might provide superior protection compared with other nutrients and beverages. 
Although the specific mechanism behind the French paradox has not been identified, in vitro 
data has proposed that the flavonoid components in red wine have strong antioxidant 
properties (Demrow et al., 1995; Sun et al., 2009), possibly contributing to observed 
cardiovascular benefits.  
Some subsequent applied human research has supported these claims. For example, 
moderate red wine consumption (118 mL·day-1) for 12 months, in subjects with T2DM who 
had sustained their first non-fatal myocardial infarction, was associated with significant 
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improvements in oxidative stress, inflammatory response, and insulin sensitivity (Marfella 
et al., 2006). However, triglycerides and other markers of glycemic control were unaffected. 
Four weeks of grape seed extract (600mg·day-1) in obese T2DM patients was associated with 
significantly improved markers of inflammation, glycemia, and the sole marker of oxidative 
stress (Kar et al., 2009). However, no significant changes were shown in endothelial 
function, insulin sensitivity, or total antioxidant status. Similarly, 360mL·day-1 of red wine 
showed no improvement in endothelial function after two weeks, in patients with T2DM 
(Napoli et al., 2005). In contrast, insulin-mediated whole body glucose disposal improved 
significantly. Finally, 400mL·day-1 of red wine for two weeks significantly increased total 
antioxidant status and significantly decreased MDA and reduced glutathione (GSH) of both 
young and old subjects, assumed to be healthy (Micallef et al., 2007). No significant effects 
were found for blood glucose or lipid parameters.  

6.1.9 Combination antioxidant treatment 
Combination treatments of antioxidants have been more efficacious in lowering oxidative 
stress biomarkers, most likely through a synergetic mechanism and their ability to function 
within different body compartments (e.g., aqueous for vitamin C vs. lipid for vitamin E). For 
example, vitamin C can assist in maintaining vitamin E in the reduced and active state 
(Packer et al., 1979). Neri et al. (Neri et al., 2005) investigated the effects of 15 days 
antioxidant supplementation with 600mg·day-1 N-acetylcysteine (NAC), 300mg·day-1 
vitamin E, and 250mg·day-1 vitamin C on postprandial oxidative stress in patients with 
T2DM, IGT, and healthy volunteers. Antioxidant supplementation was associated with 
significant improvements in redox balance in all three groups, along with a reduced 
postprandial increase in biomarkers of oxidative stress, as well as plasma levels of von 
Willebrand factor (vWF), vascular cell adhesion molecule-1 (VCAM-1). Neri and colleagues 
(Neri et al., 2010) conducted a follow up investigation with an antioxidant cocktail of similar 
composition (600 mg·day-1 of NAC, 50 mg·day-1 of vitamin E, and 500 mg·day-1 of vitamin 
C) on postprandial oxidative stress. Again the trial was 15 days in duration with patients 
with T2DM, patients with IGT, and healthy controls. It was found that antioxidant 
supplementation lowered oxidative stress biomarkers in the control group and significantly 
decreased it in the IGT group after feeding. It was also noted that antioxidant 
supplementation was able to improve endothelial function, but only in healthy and IGT 
subjects. It should be noted that antioxidant supplementation did not alter any of the lipid 
variables in any of the groups. Finally, the acute intake of a combination vitamin C (2g) and 
vitamin E (800IU) was found to prevent the transient decrease in flow mediated dilation in 
healthy subjects following the OGTT, despite no significant effects being noted for 
biomarkers of oxidative stress (Title et al., 2000). 

6.1.10 Omega-3 fatty acids 
Evidence exists for the cardio-protective effects of the fatty acids found in fish (Cottin et al., 
2011), which include the omega-3 fatty acids eicosapentanoic acid (EPA) and 
docosahexanoic acid (DHA). Therefore, fish oil supplementation has considerable potential 
for diabetic individuals. In a randomized, double-blinded, placebo controlled trial in treated, 
hypertensive T2DM patients, 4g·day-1 of purified EPA or DHA elicited a fall in urinary F2-
isoprostane excretion following six weeks of supplementation (Mori et al., 2003). Moreover, 
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baseline urinary F2-isoprostanes were positively associated with indices of diabetic control 
and the changes in urinary F2-isoprostanes were positively associated with changes in TNF-
α and HbA1c. In another study with T2DM patients with treated hypertension, 4g·day-1 EPA, 
DHA, or olive oil for six weeks decreased serum triglycerides by 19% and 15% in the EPA 
and DHA groups respectively, but neither had significant effects on glycemic control 
(Woodman et al., 2002). Purified omega-3 fatty acids at 2g·day-1 for 10 weeks decreased 
fasting triglycerides relative to placebo, and ApoB-100, and MDA relative to baseline and 
placebo (Shidfar et al., 2008). Again, omega-3 fatty acids had no effect on glycemic control. 
Finally, 2g·day-1 of N-3 polyunsaturated fatty acids for 12 weeks in offspring of patients 
with T2DM, significantly improved flow mediated dilation that was accompanied by a 
significant decrease in triglycerides and TNF-α (Rizza et al., 2009). 
Acute combination treatment of omega-3 fatty acids (400mg EPA and 200mg DHA) and 
isoflavones (150mg glycoside isoflavones) did not attenuate the postprandial rise in 
triglycerides after a high fat meal in obese hypertriglyceridemic men (Hanwell et al., 2009). 
Moreover, they did not induce any significant changes in oxidative stress biomarkers. On 
the other hand, 1g of EPA and DHA consumed by healthy subjects was able to preserve 
endothelial function following a high fat meal (Fahs et al., 2010).  

6.1.11 Vitamin D 
Investigations have shown that vitamin D helps to reduce the risk of bone fractures, falls, 
autoimmune diseases, cardiovascular disease and cancer (S. Wang, 2009), and has also been 
shown to be inversely associated with risk of T2DM (Pittas et al., 2006). Cholecalciferol 
(vitamin D3) supplemented at 1332 IU·day-1 for one month in women with T2DM was 
shown to improve insulin secretion, with a tendency to decrease fasting plasma glucose 
(Borissova et al., 2003). On the other hand, supplementation with 40,000 IU·week-1 of 
cholecalciferol for six months in T2DM subjects treated with metformin and bed-time 
insulin had no significant effects on fasting glucose, insulin, C-peptide, fructosamine, and 
HbA1c levels (Jorde & Figenschau, 2009). Finally, supplementation with 500mg·day-1 calcium 
citrate and 700IU·day-1 cholecalciferol in apparently healthy, older subjects (≥ 65 years), for 
three years, prevented increases in fasting plasma glucose and insulin resistance in the 
subgroup of participants with impaired fasting glucose at baseline. There was no effect 
among those with normal fasting glucose (Pittas et al., 2007). 

6.1.12 Magnesium, Chromium, Vanadium 
Certain elements have been proposed to have glucoregulatory effects, such as magnesium, 
chromium, and vanadium. In T2DM patients with low serum magnesium levels, 
50mL·day-1 MgCl2 solution given for 16 weeks was shown to improve fasting measures of 
insulin sensitivity, blood glucose, and HbA1c (Rodriguez-Moran & Guerrero-Romero, 
2003). Supplementation with 600mg·day-1 magnesium pidolate for 12 weeks in mildly-
hypertensive patients was shown to have multiple benefits (Hadjistavri et al., 2010). 
Specifically, supplementation was shown to lower fasting insulin, heighten fasting insulin 
sensitivity, reduce postprandial measures of glucose and insulin AUC, ameliorate 
postprandial measures of insulin sensitivity, and improve total cholesterol, LDL-C, HDL-
C, and triglycerides. Finally, chronic magnesium supplementation (2.5g·day-1 MgCl2) for 
three months has been reported to result in improvements in fasting insulin sensitivity 
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improvements in oxidative stress, inflammatory response, and insulin sensitivity (Marfella 
et al., 2006). However, triglycerides and other markers of glycemic control were unaffected. 
Four weeks of grape seed extract (600mg·day-1) in obese T2DM patients was associated with 
significantly improved markers of inflammation, glycemia, and the sole marker of oxidative 
stress (Kar et al., 2009). However, no significant changes were shown in endothelial 
function, insulin sensitivity, or total antioxidant status. Similarly, 360mL·day-1 of red wine 
showed no improvement in endothelial function after two weeks, in patients with T2DM 
(Napoli et al., 2005). In contrast, insulin-mediated whole body glucose disposal improved 
significantly. Finally, 400mL·day-1 of red wine for two weeks significantly increased total 
antioxidant status and significantly decreased MDA and reduced glutathione (GSH) of both 
young and old subjects, assumed to be healthy (Micallef et al., 2007). No significant effects 
were found for blood glucose or lipid parameters.  

6.1.9 Combination antioxidant treatment 
Combination treatments of antioxidants have been more efficacious in lowering oxidative 
stress biomarkers, most likely through a synergetic mechanism and their ability to function 
within different body compartments (e.g., aqueous for vitamin C vs. lipid for vitamin E). For 
example, vitamin C can assist in maintaining vitamin E in the reduced and active state 
(Packer et al., 1979). Neri et al. (Neri et al., 2005) investigated the effects of 15 days 
antioxidant supplementation with 600mg·day-1 N-acetylcysteine (NAC), 300mg·day-1 
vitamin E, and 250mg·day-1 vitamin C on postprandial oxidative stress in patients with 
T2DM, IGT, and healthy volunteers. Antioxidant supplementation was associated with 
significant improvements in redox balance in all three groups, along with a reduced 
postprandial increase in biomarkers of oxidative stress, as well as plasma levels of von 
Willebrand factor (vWF), vascular cell adhesion molecule-1 (VCAM-1). Neri and colleagues 
(Neri et al., 2010) conducted a follow up investigation with an antioxidant cocktail of similar 
composition (600 mg·day-1 of NAC, 50 mg·day-1 of vitamin E, and 500 mg·day-1 of vitamin 
C) on postprandial oxidative stress. Again the trial was 15 days in duration with patients 
with T2DM, patients with IGT, and healthy controls. It was found that antioxidant 
supplementation lowered oxidative stress biomarkers in the control group and significantly 
decreased it in the IGT group after feeding. It was also noted that antioxidant 
supplementation was able to improve endothelial function, but only in healthy and IGT 
subjects. It should be noted that antioxidant supplementation did not alter any of the lipid 
variables in any of the groups. Finally, the acute intake of a combination vitamin C (2g) and 
vitamin E (800IU) was found to prevent the transient decrease in flow mediated dilation in 
healthy subjects following the OGTT, despite no significant effects being noted for 
biomarkers of oxidative stress (Title et al., 2000). 

6.1.10 Omega-3 fatty acids 
Evidence exists for the cardio-protective effects of the fatty acids found in fish (Cottin et al., 
2011), which include the omega-3 fatty acids eicosapentanoic acid (EPA) and 
docosahexanoic acid (DHA). Therefore, fish oil supplementation has considerable potential 
for diabetic individuals. In a randomized, double-blinded, placebo controlled trial in treated, 
hypertensive T2DM patients, 4g·day-1 of purified EPA or DHA elicited a fall in urinary F2-
isoprostane excretion following six weeks of supplementation (Mori et al., 2003). Moreover, 
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baseline urinary F2-isoprostanes were positively associated with indices of diabetic control 
and the changes in urinary F2-isoprostanes were positively associated with changes in TNF-
α and HbA1c. In another study with T2DM patients with treated hypertension, 4g·day-1 EPA, 
DHA, or olive oil for six weeks decreased serum triglycerides by 19% and 15% in the EPA 
and DHA groups respectively, but neither had significant effects on glycemic control 
(Woodman et al., 2002). Purified omega-3 fatty acids at 2g·day-1 for 10 weeks decreased 
fasting triglycerides relative to placebo, and ApoB-100, and MDA relative to baseline and 
placebo (Shidfar et al., 2008). Again, omega-3 fatty acids had no effect on glycemic control. 
Finally, 2g·day-1 of N-3 polyunsaturated fatty acids for 12 weeks in offspring of patients 
with T2DM, significantly improved flow mediated dilation that was accompanied by a 
significant decrease in triglycerides and TNF-α (Rizza et al., 2009). 
Acute combination treatment of omega-3 fatty acids (400mg EPA and 200mg DHA) and 
isoflavones (150mg glycoside isoflavones) did not attenuate the postprandial rise in 
triglycerides after a high fat meal in obese hypertriglyceridemic men (Hanwell et al., 2009). 
Moreover, they did not induce any significant changes in oxidative stress biomarkers. On 
the other hand, 1g of EPA and DHA consumed by healthy subjects was able to preserve 
endothelial function following a high fat meal (Fahs et al., 2010).  

6.1.11 Vitamin D 
Investigations have shown that vitamin D helps to reduce the risk of bone fractures, falls, 
autoimmune diseases, cardiovascular disease and cancer (S. Wang, 2009), and has also been 
shown to be inversely associated with risk of T2DM (Pittas et al., 2006). Cholecalciferol 
(vitamin D3) supplemented at 1332 IU·day-1 for one month in women with T2DM was 
shown to improve insulin secretion, with a tendency to decrease fasting plasma glucose 
(Borissova et al., 2003). On the other hand, supplementation with 40,000 IU·week-1 of 
cholecalciferol for six months in T2DM subjects treated with metformin and bed-time 
insulin had no significant effects on fasting glucose, insulin, C-peptide, fructosamine, and 
HbA1c levels (Jorde & Figenschau, 2009). Finally, supplementation with 500mg·day-1 calcium 
citrate and 700IU·day-1 cholecalciferol in apparently healthy, older subjects (≥ 65 years), for 
three years, prevented increases in fasting plasma glucose and insulin resistance in the 
subgroup of participants with impaired fasting glucose at baseline. There was no effect 
among those with normal fasting glucose (Pittas et al., 2007). 

6.1.12 Magnesium, Chromium, Vanadium 
Certain elements have been proposed to have glucoregulatory effects, such as magnesium, 
chromium, and vanadium. In T2DM patients with low serum magnesium levels, 
50mL·day-1 MgCl2 solution given for 16 weeks was shown to improve fasting measures of 
insulin sensitivity, blood glucose, and HbA1c (Rodriguez-Moran & Guerrero-Romero, 
2003). Supplementation with 600mg·day-1 magnesium pidolate for 12 weeks in mildly-
hypertensive patients was shown to have multiple benefits (Hadjistavri et al., 2010). 
Specifically, supplementation was shown to lower fasting insulin, heighten fasting insulin 
sensitivity, reduce postprandial measures of glucose and insulin AUC, ameliorate 
postprandial measures of insulin sensitivity, and improve total cholesterol, LDL-C, HDL-
C, and triglycerides. Finally, chronic magnesium supplementation (2.5g·day-1 MgCl2) for 
three months has been reported to result in improvements in fasting insulin sensitivity 
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and the lipid profile in non-diabetic subjects with insulin resistance (Guerrero-Romero et 
al., 2004).  
Opposite to the beneficial effects of magnesium, chronic supplementation with chromium 
picolinate has been relatively ineffective in improving metabolic features of patients with 
IGT (Ali et al., 2011; Iqbal et al., 2009), despite being commonly marketed as a hypoglycemic 
agent, and with efficacious data obtained in animals (Abdourahman & Edwards, 2008) and 
cell culture (Y. Q. Wang & Yao, 2009). It has been noted that the beneficial effects of 
chromium supplementation might be related to the severity of insulin resistance, with 
clinical response being more likely in individuals with more elevated fasting glucose and 
HbA1c (Cefalu et al., 2010).  
Finally, vanadium has been used with mixed success in prior trials in an attempt to lower 
blood glucose. The mechanism supporting vanadium supplementation is likely linked to its 
ability to promote increased insulin-mediated glucose disposal. Like chromium, vanadium 
efficacy appears to also depend on the degree of diabetic complications, with T2DM patients 
(N. Cohen et al., 1995; Cusi et al., 2001; Goldfine et al., 2000; Halberstam et al., 1996) 
reporting greater efficacy compared to non-diabetics (Halberstam et al., 1996; Jacques-
Camarena et al., 2008; Jentjens & Jeukendrup, 2002).  

6.1.13 Inositol phosphoglycans 
Inositol phosphoglycans are potentially important post-receptor mediators of insulin action 
(Kelly et al., 1987; Larner et al., 1998). Pinitol (3-O-methyl-D-chiro-inositol) was identified in 
putative insulin mediator fractions that had hypoglycemic activity, and appears to mimic 
the effects of insulin by acting downstream in the insulin signaling pathway (Fonteles et al., 
1996). After pinitol treatment (20mg·kg-1·day-1) in poorly controlled T2DM patients, fasting 
glucose, postprandial glucose, and HbA1c were all significantly decreased. However, an 
effect on lipid profiles or adipocytokine levels was not noted (Kim et al., 2007). Acutely, 
pinitol supplemented at 1000mg 60 minutes before an OGTT was not shown to influence 
any indices of whole-body glucose tolerance and insulin sensitivity, or the activation of the 
skeletal insulin receptor in older, non-diabetic adults (Stull et al., 2009). 

6.1.14 Cinnamon 
Cinnamon is widely used as a spice, and research has suggested that it may have potential 
effects in improving not only glucose metabolism, but also lipid metabolism and antioxidant 
status. Kahn et al. (A. Khan et al., 2003) demonstrated that consumption of 1, 3, or 6g·day-1 
of cinnamon for 40 days reduces serum glucose, triglycerides, LDL-C, and total cholesterol 
in patients with T2DM. Moreover, lower serum glucose and lipid were maintained even 
when the individuals were not consuming cinnamon for 20 days. In a randomized, placebo-
controlled double-blind clinical trial, intake of 2g·day-1 of cinnamon for 12 weeks 
significantly reduces HbA1c and systolic and diastolic blood pressure among poorly 
controlled T2DM patients compared to placebo (Akilen et al., 2010). Moreover, fasting blood 
glucose was significantly decreased compared to baseline. In opposition to these findings, 
Vanschoonbeek and colleagues (Vanschoonbeek et al., 2006) concluded that that cinnamon 
supplementation for 6-7 weeks at 1.5g·day-1 does not improve fasting plasma glucose or 
insulin concentrations, whole body oral glucose tolerance, or lipid profiles in 
postmenopausal women with T2DM.  
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The antioxidant benefit of cinnamon has also been elucidated, suggesting a potential in vivo 
mechanism by which cinnamon acts. Subjects with impaired fasting glucose were assigned 
either 500mg·day-1 of an aqueous cinnamon extract or placebo for 12 weeks (Roussel et al., 
2009). The cinnamon extract was shown to increase FRAP and plasma thiol groups, while 
decreasing MDA levels. In healthy humans, cinnamon supplementation at 3g·day-1 for 14 
days reduced the glucose and insulin response to an OGTT (Solomon & Blannin, 2009). 
However, these effects were lost following cessation of cinnamon supplementation. Acutely, 
cinnamon ingestion reduced plasma glucose AUC and improved insulin sensitivity in 
inactive, healthy men (Solomon & Blannin, 2007). 

6.1.15 Turmeric 
Another spice proposed to have glucoregulatory effects is Curcuma longa (turmeric), due to 
its active component, curcumin. Curcumin is believed to have antioxidant and anti-
inflammatory properties (Hsu & Cheng, 2007). A four week intervention study revealed no 
changes in fasting glucose or lipid profiles when 2.8g·day-1 turmeric was given to healthy 
subjects (Tang et al., 2008). However, acute ingestion of 6g Curcuma longa in healthy subjects 
had a significant effect on postprandial insulin levels, without influencing glucose 
(Wickenberg et al., 2010).  

6.1.16 Banaba and Berberine 
Lagerstroemia speciosa L. (banaba) standardized to 1% corosolic acid (Glucosol™) at daily 
dosages of 32 and 48mg·day-1 for two weeks showed a significant reduction in blood glucose 
in T2DM patients (Judy et al., 2003). Acutely, corosolic acid also attenuated the postprandial 
rise in blood glucose post-OGTT, in a mixed sample of IGT, IFG, and healthy subjects 
(Fukushima et al., 2006). Berberine is a natural plant alkaloid isolated from the Chinese herb, 
Coptis chinensis (Huanglian). Chronically supplemented at 1g·day-1 to dyslipidemic T2DM 
patients for three months, berberine was associated with significantly improved levels of 
fasting and postprandial blood glucose, HbA1c, triglycerides, total cholesterol, LDL-C, blood 
pressure and IL-6, compared to placebo (Zhang et al., 2008). Moreover, markers of insulin 
sensitivity were improved in the berberine group, albeit, non-significantly. A similar 
investigation comprised of two components (study A and study B) also evaluated the 
efficacy of berberine in T2DM patients for 3 months (1.5g·day-1) (Yin et al., 2008). Study A 
found that berberine had similar hypoglycemic effects to the anti-diabetic drug metformin. 
Significant decreases were noted in fasting and postprandial blood glucose, HbA1c, and 
triglycerides were observed in the berberine group and in the metforin group (as expected). 
Study B consisted of the combination therapy, berberine (1.5g·day-1) added to subjects’ usual 
anti-diabetic medicine, again for 3 months. Significant reductions compared to baseline were 
found in fasting and postprandial blood glucose, HbA1c, fasting insulin, insulin sensitivity, 
and lipid profile, including triglycerides, total cholesterol, and LDL-C. A proprietary blend 
of Phellodendron (which contains the active ingredient berberine) and Crape Myrtle 
(banaba; Lagerstroemia speciosa L.) has been shown to lower the postprandial glucose 
response to a modified OGTT, while resulting in a non-significant attenuation in insulin 
response, in a small sample of healthy, exercise-trained men (Canale et al., In Review). It is 
possible that a combination of nutrients may provide the most favorable effect on 
postprandial glucose response.  
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and the lipid profile in non-diabetic subjects with insulin resistance (Guerrero-Romero et 
al., 2004).  
Opposite to the beneficial effects of magnesium, chronic supplementation with chromium 
picolinate has been relatively ineffective in improving metabolic features of patients with 
IGT (Ali et al., 2011; Iqbal et al., 2009), despite being commonly marketed as a hypoglycemic 
agent, and with efficacious data obtained in animals (Abdourahman & Edwards, 2008) and 
cell culture (Y. Q. Wang & Yao, 2009). It has been noted that the beneficial effects of 
chromium supplementation might be related to the severity of insulin resistance, with 
clinical response being more likely in individuals with more elevated fasting glucose and 
HbA1c (Cefalu et al., 2010).  
Finally, vanadium has been used with mixed success in prior trials in an attempt to lower 
blood glucose. The mechanism supporting vanadium supplementation is likely linked to its 
ability to promote increased insulin-mediated glucose disposal. Like chromium, vanadium 
efficacy appears to also depend on the degree of diabetic complications, with T2DM patients 
(N. Cohen et al., 1995; Cusi et al., 2001; Goldfine et al., 2000; Halberstam et al., 1996) 
reporting greater efficacy compared to non-diabetics (Halberstam et al., 1996; Jacques-
Camarena et al., 2008; Jentjens & Jeukendrup, 2002).  

6.1.13 Inositol phosphoglycans 
Inositol phosphoglycans are potentially important post-receptor mediators of insulin action 
(Kelly et al., 1987; Larner et al., 1998). Pinitol (3-O-methyl-D-chiro-inositol) was identified in 
putative insulin mediator fractions that had hypoglycemic activity, and appears to mimic 
the effects of insulin by acting downstream in the insulin signaling pathway (Fonteles et al., 
1996). After pinitol treatment (20mg·kg-1·day-1) in poorly controlled T2DM patients, fasting 
glucose, postprandial glucose, and HbA1c were all significantly decreased. However, an 
effect on lipid profiles or adipocytokine levels was not noted (Kim et al., 2007). Acutely, 
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The antioxidant benefit of cinnamon has also been elucidated, suggesting a potential in vivo 
mechanism by which cinnamon acts. Subjects with impaired fasting glucose were assigned 
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response, in a small sample of healthy, exercise-trained men (Canale et al., In Review). It is 
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6.1.17 Fenugreek 
Two months of supplementation with Trigonella foenum graecum (fenugreek) seeds in newly-
diagnosed T2DM patients significantly attenuated incremental AUC of blood glucose and 
insulin, as well as demonstrating a trend to improve fasting and two hour postprandial 
glucose (Gupta et al., 2001). The rise in triglycerides and cholesterol were also significantly 
improved, along with insulin sensitivity and HDL-C after supplementation. Moreover, 12 
weeks of supplementation with Fenugreek elicited significant decreases in fasting blood 
glucose, postprandial blood glucose, and HBA1c (Lu et al., 2008). Acutely, Fenugreek added 
to two slices of bread (5% fenugreek), and fed to a small sample of T2DM patients, was 
shown to significantly reduce the AUC for insulin (Losso et al., 2009). Glucose AUC also 
tended to be improved. 

6.1.18 Stevia 
Steviol glycosides (or stevioside), isolated from the plant Stevia rebaudiana Bertoni and taken 
for three months (250mg·day-1) by patients with T1DM and T2DM, as well as by healthy 
controls, was not shown to elicit any significant differences in markers of glycemic control 
or blood pressure (Barriocanal et al., 2008). Acutely however, 1g of steviol glycosides 
reduced postprandial blood glucose levels in T2DM patients and increased the insulinogenic 
index (AUCinsulin/AUCglucose) (Gregersen et al., 2004). The differences in dosages used in 
each respective study may be the reason for these conflicting results.  

6.1.19 Gymnema sylvestre 
Early intervention trials with Gymnema sylvestre (400mg·day-1) were associated with 
improved glycemic control in NIDDM patients (Baskaran et al., 1990) and insulin-dependent 
DM patients (Shanmugasundaram et al., 1990). Moreover, there was a significant 
improvement in terms of insulin response and lipid profiles, encompassing cholesterol, 
triglycerides, and free fatty acids. A more recent investigation, illustrated that 1g·day-1 for 60 
days of Om Santal Adivasi®, a novel high molecular weight Gymnema sylvestre extract, 
induced significant increases in circulating insulin and C-peptide, which were associated 
with significant reductions in fasting and postprandial blood glucose (Al-Romaiyan et al., 
2010).  

6.1.20 Cissus quadrangularis 
Cissus quadrangularis is a relatively novel ingredient in the clinical setting; however, the few 
investigations that do exist exhibit a remarkable efficacy. In three clinical investigations (J. E. 
Oben et al., 2006; J. E. Oben et al., 2007; J. E. Oben et al., 2008), cissus quadrangularis 
supplemented to obese and overweight persons for 6-8 weeks has elicited significant net 
reductions in weight, body fat, fasting blood glucose, total cholesterol, LDL-C, triglycerides, 
C-reactive protein, biomarkers of oxidative stress, as well as a significant increase in HDL-C. 
As all work was conducted by the same group of investigators, additional studies 
performed by other research groups are needed to corroborate these findings.  

6.1.21 Coccinia indica 
Coccinia indica (Coccinia cordifolia) supplemented to T2DM patients for 90 days elicited a 
significant reduction in fasting and postprandial blood glucose and HbA1c; however, there 
was no significant change in serum lipids, except for LDL-C (Kuriyan et al., 2008). In an 
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earlier study, Coccinia indica powder, from crushed, dried leaves, significantly improved 
glycemic control following six weeks use in patients with poorly controlled or otherwise 
untreated T2DM (A. K. Khan et al., 1980). Moreover, animal data suggests that Coccinia 
indica has potentially beneficial antioxidant properties (Venkateswaran & Pari, 2003).  

6.1.22 Nopal 
The literature pertaining to Opuntia Streptacantha (Nopal or Prickly Pear Cactus) has been 
available for several years, and demonstrates efficacy in a dose-dependent manner, when its 
stems are broiled and provided to T2DM patients (Frati-Munari, Del Valle-Martinez et al., 
1989). However in a follow up study, Nopal extract in encapsulated form did not reduce 
fasting glycemia in T2DM patients; however, the extract did diminish the increase of 
postprandial glucose following an OGTT (Frati-Munari, de Leon et al., 1989). Chronically, 
the efficacy of Nopal requires additional clarification (Frati Munari et al., 1992).  

6.1.23 Ginseng 
Ginseng has received considerable attention, dating back to ancient Chinese medicine (Y. Z. 
Xiang et al., 2008). Chronically, Korean red ginseng (Panax ginseng) supplemented for 12 
weeks (6g·day-1) in well controlled T2DM patients, significantly improved fasting insulin 
and insulin sensitivity, as well as postprandial glucose and insulin following an OGTT 
(Vuksan et al., 2008). However, supplementation did not significantly improve the primary 
endpoint HbA1c. In healthy subjects, Panax ginseng supplemented for 57 days (200mg·day-1), 
in a randomized crossover design, had no effect on fasting or postprandial measures of 
glucose regulation (Reay et al., 2009). Acutely, American ginseng (panax quinquefolius L.) has 
been shown to be beneficial in reducing postprandial glucose in T2DM patients irrespective 
of dose (3g, 6g, or 9g) (Vuksan, Stavro et al., 2000) or timing of consumption (40 minutes 
before a test meal or immediately preceding) (Vuksan, Sievenpiper et al., 2000). On the other 
hand, in healthy subjects, the postprandial response to supplementation was dependent on 
the timing of administration (Vuksan, Sievenpiper et al., 2000; Vuksan et al., 2001); however, 
like diabetic subjects, the dose did not influence the findings (1g, 2g, 3g) (Vuksan et al., 
2001).  

6.1.24 Russian tarragon 
Russian tarragon (Artemisia dracunculus L.) is a relatively novel ingredient and to date only 
one reported investigation is available regarding its anti-diabetic effects in humans. An 
aqueous extract of Russian tarragon provided to a sample of healthy, exercise-trained men, 
did not significantly influence glucose or insulin response to an OGTT (Bloomer, Canale et 
al., 2011). However, approximately two-thirds of subjects ingesting the Russian tarragon did 
experience attenuation in both the glucose and insulin in response to the OGTT. It is 
possible that more favorable effects would be noted in a sample of diabetic subjects, as has 
been the case for animal (Zuberi, 2008) and cell culture (Z. Q. Wang et al., 2008) studies 
using Russian Tarragon. 

6.1.25 Bitter Mellon 
Despite being a frequently used ingredient within insulin mimetic and hypoglycemic agents 
sold as dietary supplements, Momordica charantia (bitter melon) has been shown to be 
relatively ineffective in attenuating measures of glycemia chronically in T2DM patients 
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(Dans et al., 2007) or acutely, following an OGTT (Kasbia, et al. 2009), in a sample of non-
diabetic overweight men. Nonetheless, animal studies support its potential at ameliorating 
glycemic control, lipid profiles, and antioxidant status (Chaturvedi & George, 2010) and one 
recent human study supports a modest hypoglycemic effect at 2000 mg·day-1 for four weeks 
in T2DM patients (Fuangchan et al., 2011). 

6.1.26 Garlic 
Treatment with garlic (Allium sativum) has also elicited beneficial anti-diabetic effects. A 
garlic tablet taken at 600mg·day-1 for 12 weeks was shown to significantly reduce total 
cholesterol and LDL-C, and moderately raise HDL-C compared to placebo (Ashraf et al., 
2005). In a later trial, a time-released garlic tablet, Allicor (600mg·day-1), was investigated for 
four weeks using a double-blinded placebo controlled study with T2DM patients (Sobenin 
et al., 2008). Allicor was shown to significantly lower fasting blood glucose levels, serum 
fructosamine, and triglyceride levels.  

6.1.27 Vinegar 
Vinegar has been successfully added to feedings to ameliorate the glycemic response. In 
patients with T2DM, 20g of wine vinegar has been shown to reduce postprandial glucose 
and insulin AUC when added to a high, but not to a low, glycemic index meal (Liatis et al., 
2010). In a four part investigation, the anti-glycemic properties of vinegar were investigated 
(Johnston et al., 2010). Pertinent for the present discussion, trial 4 examined whether a 
“vinegar pill” (i.e., the neutralized salt of acetic acid, sodium acetate) possessed anti-
glycemic effect in individuals with T2DM, when compared to 20g of traditional vinegar (1g 
acetic acid), and placebo. Treatments were administered two minutes before a test meal and 
the results indicated that only acetic acid was effective at attenuating postprandial blood 
glucose. The other results from this overall investigation consisted of healthy subjects; 
however, trial 1 found that 10g of vinegar (0.5 acetic acid) was better at reducing 
postprandial blood glucose compared to 20g vinegar and 2g vinegar. Trial 2 indicated that 
vinegar (20g) ingested at meal time elicited a greater attenuation of postprandial glucose 
compared to five hours before the meal, albeit non-significantly. Finally, trial 3 indicated 
that the anti-glycemic effect of vinegar is best realized when ingested with food composed 
of complex carbohydrates and that vinegar may not attenuate postprandial glucose 
following the consumption of foods sweetened with dextrose, as is the case for many 
processed beverages and foods.  

6.2 Macronutrients 
6.2.1. Amino acids 
The postprandial oxidative stress response to a macronutrient protein meal has been shown 
to be relatively diminutive in comparison to an isoenergetically comprised carbohydrate, 
lipid, and mixed composition meals (Fisher-Wellman & Bloomer, 2010). Moreover, 
endothelial dysfunction has been shown to be neutralized when proteins are added to a 
high fat meal (Westphal et al., 2006). Therefore, it is not surprising that amino acids, in 
particular L-arginine (one of the precursors to nitric oxide), have been investigated as a 
nutritional intervention for diabetes control. Amino acids (L-leucine; L-lysine; L-isoleucine; L-
valine; L-threonine; L-cysteine; L-histidine; L-phenylalanine; L-methionine; L-thyrosine; and L-
tryptophan) supplemented to elderly T2DM patients for 60 weeks (8g·day-1) significantly 
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decreased HbA1c, fasting and postprandial blood glucose, fasting insulin, and insulin 
resistance (Solerte et al., 2008). Intravenous infusion of L-arginine (0.52mg·kg-1· min-1) in a 
mixed sample of NIDDM, obese, and healthy subjects restored the impaired insulin-
mediated vasodilation observed in obese and NIDDM patients (Wascher et al., 1997). 
Moreover, insulin sensitivity was improved significantly in all three groups. In healthy 
subjects, an oral dose of L-arginine as low as 2.5g and as high as 15g, supplemented 
concomitantly with a high fat meal, has been shown to significantly improve endothelial 
function (Borucki et al., 2009; Lin et al., 2008) and favorably impact biomarkers of oxidative 
stress (Lin et al., 2008). 

6.2.2 Nuts 
The consumption of nuts could provide a benefit to those with T2DM given that nuts have 
an excellent nutritional profile, are high in monounsaturated fatty acids (MUFA) and 
polyunsaturated fatty acids (PUFA), contain polyphenols, and are a fair source of vegetable 
protein. However, results have been conflicting in diabetic and healthy populations with 
regards to the impact of nut intake on measures of glycemic regulation. In two studies 
(presented within one manuscript) Lovejoy et al. (Lovejoy et al., 2002) assessed the effect of 
almond-enriched diets on insulin sensitivity and lipids in patients with T2DM or healthy 
volunteers. Study one determined the effect of almonds on insulin sensitivity in healthy 
volunteers who received 100g·day-1 of almonds for four weeks. Results indicated that total 
cholesterol and LDL-C decreased significantly; however, there was no effect on insulin 
sensitivity. Study two was a randomized crossover design that compared 4 diets in T2DM 
patients, each diet being four weeks in duration. The high-fat, high-almond diet had the 
greatest decrease in total cholesterol; however, no diet impacted fasting glucose, 
postprandial glucose (following an OGTT), or HbA1c. Tapsell et al. (Tapsell et al., 2004) 
found that a moderate-fat diet inclusive of walnuts for six months, significantly increased 
the plasma HDL-C: total cholesterol ratio and HDL-C, and significantly decreased plasma 
LDL-C in subjects with T2DM. Additionally, triglycerides showed a trend to be improved in 
the intervention group. However, there were no significant differences between treatment 
groups regarding total antioxidant capacity or HbA1c levels. In subjects with metabolic 
syndrome, Davis et al. (Davis et al., 2007) noted non-significant effects in oxidative stress 
biomarkers after an 8 week walnut or cashew diet, despite ORAC being significantly higher 
compared to the control diet. Twelve weeks of mixed nut consumption (30g·day-1) in 50 
subjects also with metabolic syndrome was found to decrease DNA damage compared to 
the control group (Lopez-Uriarte et al., 2010). The nut group also tended to have less 
oxidative stress, as indicated by reductions, albeit non-significantly, in ox-LDL-C, 
conjugated diene formation, and 8-isoprostanes in urine. Null findings were reported for 
antioxidant capacity, endothelial function, and lipid profiles. Finally, in healthy subjects, 
walnut consumption for six weeks did not significantly change the plasma antioxidant 
capacity (McKay et al., 2010). Interestingly, plasma total cholesterol, LDL-C, and triglyceride 
levels decreased significantly compared to baseline in the lower dose group (21g·day-1).  
In healthy volunteers, acute almond intake has been shown to reduce glucose AUC after 
consuming 50g of white bread, in a dose dependent manner, as well as lowering total 
cholesterol levels (Josse et al., 2007). Moreover, almonds were shown to decrease the 
glycemic and insulinemic responses to white bread, and increase the serum protein thiol 
concentration, indicating less oxidative protein damage. Acute consumption of pecans by 
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healthy subjects has been shown to significantly decrease ox-LDL-C, and increase the 
flavonoid EGCG (Hudthagosol et al., 2011). Additionally, the molar ratio of MDA: 
triglyceride was significantly lower as compared to baseline following the pecan meals 
(pooled data).  

6.2.3 Fiber 
Viscous fiber affects metabolism by its actions within the proximal digestive tube (Hunt et 
al., 1993). In the colon, soluble fibers bind, absorb, or sequester bile acids, products of fat 
digestion, fatty acids, and monglycerides during passage through the intestinal luman 
(Hunt et al., 1993). Moreover, soluble fibers delay gastric emptying and increase unstirred 
water in the small bowl producing satiety (Gray, 1995). These effects appear to make dietary 
fiber a beneficial intervention for patients with T2DM. Three doses of 5g·day-1 psyllium for 
six weeks was shown to significantly reduce fasting plasma glucose, total cholesterol, LDL-
C, and triglycerides, as well as significantly increase HDL-C in patients with T2DM 
(Rodriguez-Moran et al., 1998). Similarly, 14g·day-1 of psyllium for six weeks significantly 
decreased postprandial glucose absorption, fructosamine, total cholesterol, and LDL-C 
cholesterol in T2DM patients (Sierra et al., 2002). Other markers of glycemic control also 
tended to be lower, albeit non-significantly. Guar gum for 48 weeks at 15g·day-1 in subjects 
with NIDDM has been shown to improve long-term glycemic control, postprandial glucose 
tolerance, and LDL-C (Groop et al., 1993). Finally, dietary assignment to food products that 
contained oat β-glucan in hypertensive subjects showed a favorable effects on postprandial 
glucose and insulin levels, as well as blood pressure, after 12 weeks of treatment. (Maki, 
Galant et al., 2007). However, these beneficial effects were independent of differences in 
oxidative stress biomarkers. 
Acutely, high-viscosity hydroxypropylmethylcellulose (HV-HPMC) has been found to blunt 
postprandial glucose and insulin in a dose-dependent manner in subjects at risk for the 
development of T2DM (Maki et al., 2007; Maki et al., 2009). Moreover, triglyceride 
incremental AUC during the postprandial period was significantly lower after the 
consumption of 15g psyllium compared to 3g, and chylomicron levels were also influenced 
in this dose-dependent manner in overweight and obese men (Khossousi et al., 2008). 

6.3 Whole food dietary intervention 
Although supplementation with isolated ingredients provides unique insight into the 
beneficial effects of selected nutrients on human health, dietary interventions in which 
whole food intake is significantly altered in an attempt to improve health may have even 
more impact. One dietary approach that has received considerable attention is the 
Mediterranean diet—a plan rich in the intake of olive oil.  
Acutely, extra virgin olive oil has been shown decrease postprandial inflammatory markers 
and up-regulate antioxidant capacity (Bogani et al., 2007). As a consequence of proposed 
benefit of olive oil, coupled with the supporting evidence for the consumption of red wine, 
the Mediterranean diet has been met with a good degree of success. For example, in 
overweight men followed for 24 months, the Mediterranean diet, with or without caloric 
restriction, resulted in improved fasting measures of glucose, insulin, oxidative stress, total 
cholesterol, blood pressure, and adiponectin (Esposito et al., 2010). In elderly subjects, 
consumption of the Mediterranean diet for four weeks was shown to induce a reduction in 
endothelial dysfunction and improve the regenerative capacity of the endothelium (Marin et 
al., 2011). Specifically it was found that the Mediterranean diet led to lower total 
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microparticle, activated endothelial microparticle, and apoptotic endothelial microparticle 
concentrations, and a higher number of endothelial progenitor cells compared to the other 
diets. Moreover, the Mediterranean diet was associated with lower oxidative stress and 
elevated β-carotene concentrations. Finally, in an elderly population, the Mediterranean diet 
alone for four weeks was found to improve postprandial oxidative stress with a higher 
increase in capillary flow and nitric oxide levels, lower lipid peroxidation products, and a 
lower postprandial decrease in HDL-C compared to a diet rich in saturated fat (Yubero-
Serrano et al., 2010). Moreover, CoQ10 supplemented to the Mediterranean diet further 
improved postprandial levels of oxidative stress and elicited a superior increase in capillary 
flow and nitric oxide levels, with respect to the other diets. 
We have recently demonstrated the beneficial metabolic and cardiovascular effects of a 
dietary restriction model known as the Daniel Fast. The Daniel Fast involves a 21 day ad 
libitum food intake period, devoid of animal products and preservatives, and inclusive of 
fruits, vegetables, whole grains, legumes, nuts, and seeds. In our first study, the Daniel Fast 
elicited a significant lowering of total cholesterol, LDL-C, HDL-C, SBP, and DBP. Moreover, 
insulin, HOMA-IR, and C-reactive protein all showed a trend for improvement (Bloomer, 
Kabir, Canale et al., 2010). Improvements were also noted in several measures of oxidative 
stress and antioxidant capacity (Bloomer, Kabir, Trepanowski et al., 2011). In a follow-up 
study involving this model, both resting and postprandial biomarkers were favorably 
impacted (unpublished findings), suggesting that this form of eating (e.g., stringent vegan 
diet) may be associated with multiple favorable effects on metabolic and cardiovascular 
health. Longer term studies are needed to determine the potential impact of the acute 
changes on health and disease over time.  
Other dietary interventions exist that have been investigated and proposed to have 
beneficial effects on metabolic and cardiovascular risk factors. The Portfolio Diet developed 
by Jenkins et al. (Jenkins et al., 2007) consists of using combinations of cholesterol-lowering 
foods within one diet, rather than single foods, to achieve more favorable effects on serum 
cholesterol. The dietary portfolio currently contains four main elements with proven 
cholesterol lowering efficacy, some of which have been highlighted in the preceding text. 
These include soy, viscous fibers, plant sterols, and nuts. In a similar manner as the Daniel 
Fast, the Portfolio Diet encourages the consumption of foods that are traditionally found in a 
vegetarian/vegan plan, which may prove beneficial for controlling and preventing T2DM 
(Tonstad et al., 2009). Readers are referred to the following papers for more information on 
such diets (Jenkins et al., 2003; Key et al., 2006).   
Finally, although emphasis in this section is on specific nutrients and types of dietary 
approaches to improve metabolic health, it should be noted that a reduction in dietary 
energy and modification of portion sizes should be considered. Indeed, the literature 
pertaining to caloric restriction is lengthy, with multiple known benefits with a reduction in 
normal dietary energy intake (Civitarese et al., 2007; Redman et al., 2009). 

6.4 Summary of nutrients 
As illustrated above, results for improvement in selected markers of cardiovascular and 
metabolic health through dietary manipulation in individuals with T2DM have been mixed. 
Some potential reasons for conflicting findings across studies include the degree of diabetic 
complication, the timing and dosage of dietary supplement or food, the duration of 
treatment, and the fact that some individuals are noted “responders” and others are “non- 
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Exercise What to Include What to Consider 
Aerobic   Walking, Jogging, Cycling, 

Stepping, Swimming, etc.  
 (Most or all days of week; 30-60 

minutes; 50-80% of VO2max) 

 Interval training – light running 
(50-60% of VO2max) combined with 
short, fast bursts of running (1-2 
days per week; 20-40min) 

 Sports and physical activities (e.g., 
soccer, basketball) 

Anaerobic  Resistance exercise: free weights 
and/or machines 

 (2-3 days per week; 30-45 
minutes; 50-80% 1RM) 

 Maximal-intensity repetition 
training (1 day per week; 80-100% 
1RM—focus on development of 
muscular strength) 

Whole Food 
Intake 

What to Include What to Consider What to Avoid 

 Whole grains, fruits, 
vegetables, beans, 
nuts, seeds, low fat or 
fat free dairy, lean 
poultry, fish, olive oil, 
vinegar

Red wine (in 
moderation), tea 
(green or black) 

Saturated fat, 
processed 
carbohydrate, 
packaged foods, sugar-
rich carbonated 
beverages

Nutritional 
Supplements 

What to Consider (Suggested 
Dosage) 

What Requires More Research* 

  Amino acids (8.0g·day-1)  
 L-arginine (2.5-15g·day-1) 

 Antioxidants 
 α-Lipoic acid (0.3-1.8g·day-1) 
 Vitamin C (1.0-2.0g·day-1) 
 Vitamin E (0.6-0.9g·day-1) 

 Banaba/corosolic acid 
(Lagerstroemia speciosa L.) (0.1-
0.5g·day-1) 

 Berberine (1.0-1.5g·day-1) 
 Cinnamon (0.5-6.0g·day-1) 
 Fenugreek (Trigonella foenum 

graecum) (8.0-10.0g·day-1) 
 Fish oil (omega-3 fatty acids; 

EPA, DHA) (1.0-4.0g·day-1) 
 Ginseng (Panax ginseng or Panax 

quinquefolius L.) (1.0-6.0g·day-1) 
 Garlic extracts (0.6g·day-1) 
 Magnesium (0.6-2.5g·day-1) 
 Multi-vitamins (≥1.0g·day-1) 
 Tea catechins (0.6-1.0g·day-1) 
 Vitamin D (≥700IU·day-1) 

 Coenzyme Q10 
 Lycopene 
 Bitter melon (Momordica 

charantia) 
 Carnitine 
 Chromium 
 Cissus quadrangularis 
 Coccinia indica 
 Gymnema sylvestre 
 Inositol phosphoglycans (pinitol) 
 Nopal or Prickly Pear Cactus 

(Opuntia Streptacantha) 
 Russian tarragon (Artemisia 

dracunculus L.) 
 Selenium 
 Steviol glycosides (Stevia 

rebaudiana Bertoni) 
 Turmeric (Curcuma longa) 
 Vanadium 

*Current concerns exist regarding efficacy—especially in diabetic populations, paucity of data, dosage, 
or safety. 

Table 1. Lifestyle approach to improving metabolic health at rest and in response to feeding 
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responders” to treatment (in the same manner as certain individuals respond better to 
certain drugs than do others). Additional, well-controlled investigations are needed to 
clarify which nutrients and which dietary models may be most conducive to improving the 
metabolic profile at rest and in response to feeding—in particular as related to oxidative 
stress.  

7. Conclusions and practical application 
As there currently exists no cure for diabetes, lifestyle factors should be strongly considered 
as the first line treatment for this disease—as these activities may improve fasting and 
postprandial lipid and glucose metabolism, as well as antioxidant capacity. Collectively 
these effects may help to minimize postprandial oxidative stress. The rationale for regular 
and structured exercise (Praet & van Loon, 2007; Tucker et al., 2008), coupled with the intake 
of a nutrient dense, macronutrient balanced, and portion controlled eating plan (Bloomer, 
Kabir, Canale et al., 2010; Bloomer, Kabir, Trepanowski et al., 2011; Jenkins et al., 2007), 
complete with use of selected nutrients to aid in both glucose and triglyceride processing 
(Badimon et al., 2010; Davi et al., 2010; Nahas & Moher, 2009), appears well supported. 
Suggestions are provided in Table 1. Adherence to these guidelines, or those which are 
similar, may be associated with improved metabolic control in both the fasting and fed state. 
This may be met with a reduction in RONS production and ensuing oxidative stress, which 
may be correlated to improved health and quality of life (Frisard & Ravussin, 2006), and a 
reduction in disease progression over time (Ceriello & Motz, 2004).  
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