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Preface

Total body weight is the sum of the weight of all body components. Among these 
components, water, adipose tissue, muscle, and bone are the main contributors. The 
physiological or pathological variations in the amount or mass of each component 
can lead to an increase or decrease in total body weight. Some of these changes carry a 
risk of increased morbidity and mortality. The variations in body weight are increase 
(retention) or decrease (dehydration) in water amount, increase (hypertrophy, 
hyperplasia) or decrease (lipodystrophy) in adipose tissue mass, increase (hypertro-
phy) or decrease (sarcopenia) in muscle mass, and increase (increased bone density) 
or decrease (osteopenia, osteoporosis) in bone mass. A variety of factors including 
genes, lifestyle, environment, age, diseases, and medications can promote these 
conditions. The most common and relevant body weight change is obesity, which is 
a major health problem worldwide. The prevalence of obesity has doubled in more 
than 70 countries since 1980. The number of adults with obesity is around 650 million 
worldwide. This book provides the reader with a comprehensive overview of current 
knowledge about the pathophysiology, consequences, complications, and treatment 
of different types of body weight changes, with a special emphasis on obesity.

The book contains thirteen chapters by authors from Dominica, France, India, 
Nigeria, Qatar, Ukraine, South Africa, the United Kingdom, and the United States. 
I would like to thank all of them. I would also like to express my appreciation for the 
great assistance provided by Ms. Ana Javor at IntechOpen who supervised this book 
project.

Hassan M. Heshmati, MD
Endocrinology Metabolism Consulting, LLC,

Anthem, AZ, USA
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Chapter 1

Biodiversity of the  
Adipocyte-Derived Hormone, 
Leptin
Reji Manjunathan, Dharanibalan Kasiviswanathan  
and Selvaraj Jayaraman

Abstract

The adipocyte derived hormone leptin is known for its pivotal role in the  
regulation of a variety of physiological functions mainly associated with  
metabolism and energy homeostasis. One of the major functions of leptin is pertain 
with its angiogenic induction in support of organ development as well as under 
pathological conditions such as atherosclerosis and cancer. Leptin is a well-known 
pro-angiogenic growth factor which exerts its role through Ob-R receptor present 
on endothelial cells. The therapeutic application of leptin is based on its potential to 
maintain various functions at pathological conditions. In this book chapter, the multi-
diversity potentials of leptin are discussed in detail.

Keywords: Leptin, obesity, angiogenesis, tumor progression,  
multi-signaling pathways

1. Introduction

Leptin is a 16 kDa non-glycosylated protein derived from adipose tissue, primarily 
by adipocytes. Leptin is a well-known mediator for food intake and weight loss [1]. 
Leptin mediates its functions mainly through the receptor located in the hypothalamus 
and activates signaling cascades associated with energy intake [2]. It circulates through 
the bloodstream, engages with normal metabolism, regulates energetic homeostasis, 
reproductive system, and influences the circadian cycle, lipid inflammation, and carbo-
hydrate mechanisms. Leptin is well known for its pro-angiogenic potential and operates 
multiple signaling agencies through the receptor located in endothelial cells [3, 4]. Leptin 
is also secrets by other organs, such as the placenta, bone marrow, ovaries, stomach, and 
cellular structures, including mammary epithelial cells, P/D1 cells, and gastric chief cells 
[1]. Research has demonstrated that leptin plays a crucial role in maintaining the normal 
physiology of various vital systems such as the reproductive system and could balance 
cell proliferation (Figure 1). The pleiotropic hormone also could repair tissue damage 
and can prevent on-adipocyte lipotoxicity. Though leptin is highly acceptable for its pro-
tective mode of action, increased leptin level is often observed in several inflammatory 
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conditions [5]. Hence, a therapeutic approach based on leptin and receptor has become 
the need of the hour to balance many inflammatory diseases in the human body. The 
particular book chapter provides an insight into the multi-diversity properties of the 
pleiotropic hormone leptin.

2. Leptin synthesis and regulation

Leptin derives from adipose tissue’s obese gene (OB) transcription product [6]. 
The OB gene function was first identified in the ob/ob obese mice model and is located 
on chromosome 7 (7q31.3) and has three exons and two introns (18 kb) [7, 8]. Leptin 
receptors are located on chromosome 1 (1p31) and are noted with 17 introns and 18 
exons and encode two proteins of 166 and 1162 amino acids, respectively [9]. Leptin 
receptors are highly expressed in the hypothalamus, cerebellum, and other tissues 
associated with the vasculature, stomach, and placental organs [10]. Leptin receptors 
have five spliced isoforms, the longest form expressed in neuronal tissue and the short 
forms expressed almost in all tissue types [11]. Leptin receptors (OB-R) are structurally 
similar to the class I cytokine family receptors. Alternative splicing of leptin receptor 
RNA results in various isoforms, designated as OB-Ra, OB-Rb, OB-Rc, OB-Rd, OB-Re, 
and OB-Rf. They all have an extracellular domain of more than 800 amino acids, a 
transmembrane domain of 34 amino acids, and a variable intracellular domain. The 
pleiotropic biological effects of leptin are explained based on the wide distribution 
of leptin receptors in humans [5]. Leptin bind to its hypothalamic receptors (Ob-Rs) 
in the brain and activates appetite and satiety. The concentration of leptin in plasma 
depends on the person’s dietary behavior, gender, and physical activities. The other 

Figure 1. 
Leptin exerts its pleiotropic impact on various organs. It maintains muscle tone and regulates cardiac function. 
Leptin regulates food intake and body weight management through binding with receptor located at brain. In the 
thyroid gland, leptin stimulates the secretion of TSH. In the female reproductive system, leptin manage menstrual 
cycle and supports in embryo implantation. Leptin inhibits insulin secretion and maintains blood-glucose level. 
Leptin induces sprouting of new vessels from existing ones and enhances ECs proliferation and migration and also 
it regulates bone metabolism and density.
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hormonal constituents, such as insulin, estrogen, and glucocorticoids, can also influ-
ence the regulation mode and the level of leptin in the blood [12, 13]. On the other 
hand, low energy or fasting, thyroid hormones, androgens, inflammatory cytokines, 
and adrenergic agonists can inhibit leptin secretion [14].

3. Leptin signaling pathways

Leptin mediates its biological effects by binding to its various alternatively spliced 
isoforms receptor located at the brain and peripheral tissues. The binding of leptin to 
its long-form of receptor activates various intracellular signaling pathways, including 
insulin receptor substrate (IRS)/phosphatidylinositol 3 kinase (PI3K), Janus kinase 2 
(JAK2)/Signal transducer, and activator of transcription 3 (STAT3), SH2-containing 
protein tyrosine phosphatase 2 (SHP2)/Mitogen-activated protein kinase (MAPK), 
and 5′ adenosine monophosphate-activated protein kinase (AMPK)/acetyl-CoA 
carboxylase (ACC) [8]. The binding of leptin to its receptor activates JAK2, which in 
turn phosphorylates the Tyrosine amino acid residues in LepRb and is terminated by a 
suppressor of cytokine signaling 3 (SOC3) [15].

Leptin input a significant role in energy homeostasis and neuroendocrine function 
through JAK2/STAT3 signaling pathway. A selective deletion in LepRb or STAT3 in 
LepRb-expressing neurons ends with obesity and hyperphagia, which further sup-
ports the dominant role of the JAK2/STAT3 signaling pathway in the leptin-induced 
body weight regulation [16]. One interesting fact about leptin and insulin is that both 
have similar intracellular signaling pathways (PI3K/Akt) in neurons [17]. The ERK, 
a member of the MAPK family, acts downstream of LepRb and is mediated through 

Figure 2. 
Leptin regulates many signaling pathways through receptor (Ob-Rb) binding mechanism. It regulates gene 
expression through JAK/STAT3 pathway, modulates other signals through PI3K/rho family dependent pathway, 
induces vasodilation through NO-dependent pathway, and accelerates angiogenesis through PI3K/Akt/mTOR/
s6 kinase/VEGF a and PI3/Akt/NO-dependent pathways. Promotes tumor progression through HIF-1 alpha 
pathway and enhances platelet aggregation through the PLC pathway. The SOS3 molecule function as a regulator 
of leptin induced signaling activations by negative feedback mechanism.
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SHP2 or by JAK2. Inhibition of ERK prevents leptin-based sympathetic function in 
brown adipose, which further supports SHP2/MAPK in leptin energy expenditure 
and food intake [18]. Leptin’s suppressive mode of action on food intake initiates 
by inhibiting the effect of AMPK in the brain. The inhibition of AMPK regulates 
feeding through the mTOR (mammalian target of rapamycin)/s6Kinase pathway 
[19]. In skeletal muscle, leptin directly exists its effect through AMPK signaling and 
stimulates fatty acid oxidation and glucose uptake [20]. Leptin has a prominent role 
in the modulation of both innate and adaptive immunity. It stimulates neutrophil 
chemotaxis and promotes phagocytosis of macrophages through the receptor binding 
mechanism. It is also known to increase the production of IL-6 and TNF-alpha under 
pathological conditions [21]. Leptin protective action on neutrophils exerts through 
PI3K and MAPK depending on signaling and prevents apoptosis of neutrophils. 
Leptin via STAT3 activation promotes natural killer cell activation [22]. In the adap-
tive immune response, leptin promotes native T cells proliferation by increasing the 
expression of interferon-gamma and TNF-alpha in T cells [23].

Apart from the mentioned direct signaling pathways, leptin interacts with many 
signaling functions as a multifunctional cytokine. Leptin shows a potential functional 
relationship with Nitric Oxide (NO) and favors NO-mediated lipolysis and vascular 
tone [24]. The significant other functions of leptin are associated with its predomi-
nant role in angiogenesis. It is observed that Endothelial cells (ECs) express OB-R 
leptin receptors and the binding of leptin to OB-R enables the growth of small blood 
vessels [3]. Recently, it has been identified that leptin could induce PI3K/Akt/mTOR/
s6Kinase signaling pathway and enhance VEGF mRNA’s transcription level while 
inducing angiogenesis [4]. One of the intriguing possibilities of leptin is that it pro-
motes neovascularization through paracrine mode concerning the volume of fat mass 
[25]. Leptin could promote proliferation in colonic epithelial cells in vitro conditions. 
Moreover, the presence of OB-R receptor in human colon cancer cell lines and human 
Colonia tissue thus supports the angiogenic role of leptin under cancer environment 
through PI3K/AKT, MAPK/ERK, and JAK2/STAT3 pathways [26, 27]. Leptin could 
induce apoptosis and regulate actin-myosin cytoskeleton associated with Rho family 
GTPases (Figure 2) [28].

4. Leptin as an energy balancer

Leptin acts in the brain and maintains energy homeostasis through a negative 
feedback mechanism [29]. The process is mediated through the receptors in the hypo-
thalamic area named the paraventricular nucleus, ventromedial hypothalamic nucleus, 
lateral hypothalamic area (LHA), and arcuate nucleus (ARC). The ARC is the primary 
site for leptin to integrate peripheral energy balance signals [30]. Recently, it has been 
observed that leptin could play a significant role in the long-term regulation of energy 
balance and short-term management of body weight and food intake. The gastric leptin 
produced because of the actions of the intestinal peptide serves as a local stimulus and 
plays a vital role in food digestion and absorption [31]. The particular area requires 
more investigations to prove the role of gastric leptin in food digestion and absorption. 
Research supported the predominant role of leptin in neuroendocrine mediated starva-
tion through changing sympathetic nervous system activity [32].

Overweight or obesity is characterized by increased fat mass and is proportional to 
circulating leptin levels in individuals [33]. The elevated levels of leptin in body fluid 
are explained based on leptin resistance. The hypothesis was proved using rodents fed 
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with a high-fat diet and leptin sensitivity loss in ARC neurons [34]. At the cellular level, 
the inflammatory signals mediate the process of leptin resistance. The two significant 
characteristics of obesity connect with hyper-leptinemia and leptin resistance. At the 
molecular level, the leptin gene is over-expressed in overweight or obese individuals 
[35]. Apart from these functions, many researchers reported the genetic and epigenetic 
factors that control leptin action in energy homeostasis and food intake [36–38]. A 
better understanding of leptin-induced pathogenicity of obesity and obesity-related 
disorders and the regulation of energy homeostasis will provide an alternative solution 
in preventing obesity and obesity-related co-morbidities.

5. Leptin as an immune modulator

Despite nutritional regulation, leptin has gained more attention for its pivotal role 
in inflammation. The innate immune system plays a major role in the regulation of 
leptin production. Leptin responds to immune cells and its receptors, expressed by 
most cells, and activates pro-inflammatory features in the host [39]. Leptin plays an 
essential role in T cell development, and leptin deficiency directly impacts the levels 
of circulating T cells [40]. Many studies supported the role of leptin in immunity 
modulation and mentioned the signaling pathways related to the notion [39, 41, 42]. 
Leptin could accelerate the proliferation process in native CD4+T cells and favored by 
reducing the levels of IFN from T cells [43, 44]. During the wound healing process, 
leptin activates both inflammatory and proliferative phases in favor of tissue repair 
[45]. The increased plasma leptin level acts as an indicator of leptin-induced inflam-
matory response at the injury site. These exciting features of leptin gained attention 
as a pro-angiogenic molecule in ischemic tissues [46]. Leptin induces monocyte 
chemoattractant protein1 (MCP1) expression [47].

Leptin plays a vital role in producing GM-CSF and G-CSF and activating hematopoi-
etic cells in humans [48]. In animal models, up-regulation of leptin has been found in 
acute inflammation states. But, experimental evidence from rodents does not match with 
human studies [49]. Leptin plays a significant role in basophils and eosinophils functions 
and acts as a chemoattractant [50]. Leptin is abnormally expressed in autoimmune dis-
eases, particularly in skin disorders [51]. Obesity decorates skin normal physiology such 
as keratosis pilaris, tags, and striae diseases and increases the levels of pro-inflammatory 
cytokines and adipokines, including leptin [52, 53]. In the event of inflammation, leptin 
increases the release of Nitric Oxide and activates the macrophages and neutrophils, 
and increases natural killer cells’ activity (NK) [54]. Leptin up-regulates the cytokines 
production and phagocytic function in obese conditions [55]. It balances monocytes and 
activations markers and directly involves in interleukin1 and cyclooxygenase expression 
[56]. One of the prominent roles of leptin pertains to maintaining the balance between 
the immune system and metabolism regulation. Under malnutrition state, leptin acts as 
an immunosuppressive factor [42].

6. Leptin as a pro-angiogenic factor

In 1998, Sierra-Hongmans reported that vascular endothelial cells express leptin 
receptors, especially the long-form. This discovery leads to an insight into the role of 
leptin in angiogenesis [57]. The angiogenic impact of leptin was conformed used on 
in vitro and in vivo models analysis [3, 58]. Jin et al. proved that leptin could induce 
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angiogenesis in the cornea of the Zucker obese rat model through the activation of the 
Ob-R gene [59]. Leptin exerts a paracrine mode of action in tissues and activates vari-
ous signaling during the promotion of angiogenesis. This endocrine hormone activates 
Akt signaling pathway and mediates NO-induced vasodilation [60]. In endothelial cell 
migration, leptin signals through the ERK pathway and activates the PI3k, Akt, and 
eNOS molecules. By stimulating the local neovascularization in adipose tissue, leptin 
promotes its release into the vascular system. This process enhances fatty acid oxidation 
and supports maintaining a proper balance between adipose tissue’s fat deposits and 
blood supply [61]. Even though the vascular fenestration capacity of leptin is poorly 
understood, the effect is found similar to VEGF [62]. Leptin plays a crucial role in 
exchanging nutrients between the fetus and maternal circulation in the placenta via 
enhancing vascular permeability and could induce angiogenesis in the placenta [61].

7. Leptin and pathogenesis

Leptin does not only imply energy homeostasis but also extends its regulatory func-
tion at infectious conditions. But the contagious status regulation mode of leptin is the 
least explored signaling mechanism. Latest research support that leptin could activate 
phagocytosis of macrophages and could secure the immune cells from pathogenic 
infections [63]. In Klebsiella pneumonia infection, exogenous administration of leptin 
shows CD11b dependent phagocytosis [64]. It protects lymphocyte deficient mice 
from various conditions [65]. Several studies have strongly highlighted the therapeutic 
application of the molecule to innervate infectious diseases, including AIDS [66].

8. Leptin resistance with disease

However, under certain conditions, like obesity, leptin levels decrease in associa-
tion with leptin resistance. But it is still unclear how the leptin resistance mechanism 
is exerted throughout the tissue. So far, studies have suggested leptin resistance with 
metabolic process and revealed a defect in the Ob-R leptin receptor gene [67]. Up to 
date, the leptin resistance mechanism has been categorized as follows: gene mutation 
specific to the leptin structure, defect in the transport of leptin through the blood–
brain barrier, and malfunctions of leptin receptors. Among these, mutations are rare 
in humans, occurring in substitution of guanine by adenine at the donor splice site 
of exon 16 of the leptin gene [68]. Second, the brain’s blood vessels usually express 
leptin receptors and transport leptin into the cerebrospinal fluid. But excessive levels 
of leptin in the bloodstream decrease the permeability of BBB, thus develops leptin 
resistance [69]. Finally, the serum level of leptin significantly affects the transcrip-
tional level of the OB (ob) gene and the equilibrium of leptin secretion in adipose 
tissue. In such cases, these dramatic changes promote leptin resistance until leptin 
level remains standard in the bloodstream. These changes have been widely observed 
in obesity [70].

Furthermore, several stimuli affect leptin resistance, including the circadian 
cycle. Interestingly, leptin also develops its leptin resistance, observed in diet-induced 
obesity [71]. This leptin resistance also provides an environment for the accumulation 
of immune response against pathogens, particularly high-fat diet-induced inflam-
mation, which activates inflammatory cytokines [72]. But, in-depth leptin resistance 
mechanisms need much more attention.
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9. Leptin role in disease conditions

9.1 Metabolic syndrome and obesity

Fat tissue is an energy storage tissue that functions as a negative feedback loop in 
energy homeostasis [73]. Homozygous mutation of leptin causes extreme obesity, 
diabetes and suppresses glucose metabolism in insulin-deficient diabetes [8]. The ob/
ob mice model has relatively higher food intake and observed a larger volume of lipid 
accumulation in the liver than the control group [74]. It has been assumed that nearly 
95% of individuals have resistance against leptin [75]. The type 2 diabetes condition 
is noted with an increased level of leptin and suggested using leptin as a biomarker 
to study the effect of obesity in diabetes-related morbidities [76]. Some studies 
also reported that higher leptin levels are associated with the risk of heart-related 
problems in obese individuals [76, 77]. In younger adults, elevated leptin levels are 
positively correlated with HOMA-IR and BMI index [78].

Development of severe early-onset obesity and hyperphagia are common in people 
with homozygous LEP mutation [79]. Replacement of leptin from a therapeutic 
viewpoint has improved insulin sensitivity and thus proved the role of leptin in 
metabolic disorders, including T2DM. In humans, serum leptin level is positively 
correlated with the percentage of body fat, fat mass, size of adipocytes, and BMI 
[80]. Obesity connected with the enlargement of adipose cells enhances the serum 
leptin level, which further results in the progression of chronic hyperinsulinemia. 
The majority of obese patients are hyper leptinaemic which supports the development 
of hypertension, metabolic syndrome, and cardiovascular diseases [81]. Mutation in 
the leptin receptor located at the hypothalamus alters the transport of leptin across 
the blood–brain barrier. This incidence increases the level of serum leptin and hence 
diet-induced obesity. Obesity connected with the leptin receptor mutation is linked 
with insulin resistance and in the development of T2DM [82].

9.2 Cardiovascular diseases

The level of leptin could influence the function of the heart. It could lead to the pro-
gression of many heart-related problems such as coronary artery disease, stroke, chronic 
kidney disease (CKD), peripheral artery disease (DAP), carotid plaque instability [83]. 
It was observed that elevated level of serum leptin in obese patients contributes to the 
low-grade systemic inflammation in favor to develop cardiovascular disease. Moreover, 
a high level of leptin is used as a biomarker to measure the progression of heart failure 
in patients with dilated cardiomyopathy [84]. On the other hand, many studies using 
rodent, obese and diabetic models highlighted the beneficial impact of leptin on cardiac 
metabolism through glucose metabolism and fatty acid oxidation. This evidence sug-
gested that leptin compensates for cardiac insults due to ischemia and heart failure [85]. 
Leptin signaling in the modulation of heart function is studied extensively using animal 
models. These studies demonstrated that impaired cardiac leptin signaling majorly 
reflects in metabolic inflexibility for glucose utilization, defects in cardiac contract-
ibility, impaired recovery of cardiac function due to coronary artery ligation [86, 87]. 
Clinical data cemented that plasma leptin levels are associated with LV hypertrophy and 
increased myocardial wall thickening [88]. Leptin also increased the blood pressure level 
in obese individuals with a loss-of-function mutation in leptin or leptin receptor [89]. 
Thus, a leptin-mediated increase in blood pressure directly increases the heartbeat rate, 
developing into cardiac hypertrophy through the sympathetic nervous mechanism [90].
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Leptin-mediated aldosterone synthesis impairs myocardial relaxation and contrib-
utes to cardiovascular diseases through a novel mechanism associated with endothelial 
dysfunctions [91]. Increased plasma leptin levels positively correlate with the number 
of stenotic coronary arteries in patients with coronary artery disease [92]. In vitro 
analysis using HUVEC cells demonstrated that leptin induces chronic oxidative stress 
in ECs and contributes to vascular pathology development [93]. Also, the cytokine 
hormone leptin could stimulate vascular smooth muscle cells proliferation and migra-
tion, thereby increasing calcification and vascular lesions [94]. Altogether, it was 
suggested that hypertension, obesity, and endothelial dysfunctions are more frequent 
in T2DM patients with elevated leptin levels [95].

9.3 Tumor progression

Cancer progression is a complex process that includes the interaction between 
ECs, fibroblast, insusceptible cells, and adipocytes [96]. Normal epithelial cells do not 
express leptin and leptin receptors but are overexpressed in a cancerous environment. 
Leptin enhances the survival rate of cancer cells through the activation of a down-
stream signaling molecule known as sirtuin-dependent NAD-dependent deacetylase 
1 (SIRT 1) [97]. Leptin can activate many signaling pathways in cancer directly by 
activating TNF alpha, IL-6, ROS, VEGF, MMP2, and MMP9. It can also support tumor 
growth by activating JAK/STAT, Akt, FGF2, and NO molecules through receptor 
(Ob-R) binding mechanisms in ECs [98, 99]. The appetite hormone can potentially 
interact with pre-neoplastic or cancerous breast epithelium in a breast cancer 
environment. Leptin secreted by the breast cancer surroundings inhibits inflamma-
tory cytokines and thus blocks macrophages’ production [100, 101]. The cytokine 
enhances neovascularization through VEGF in many cancerous conditions [102, 103].

Increased levels of serum leptin and insulin under obese conditions cause colorec-
tal cancer [104]. Leptin supports the proliferation and invasiveness of colonic cells. 
Leptin receptors are found to express in human colon cell lines and are believed to ini-
tiate cancer angiogenesis. Hyperlipidemia and insulin resistance can cause low-grade 
systemic inflammation that promotes proliferation and angiogenesis and inhibits 
apoptotic rate in colon cancer [105]. Leptin and its receptors express in papillary 
thyroid tumors and enhance the pathogenicity through PI3K/Akt pathway [106].

Obesity enhances the concentration of leptin around the pancreatic carcinogenic 
environment. The enhanced concentration of leptin favors vascularization, migration, 
and invasiveness of pancreatic tumor cells [105]. Leptin has a crucial role in developing 
the non-alcoholic fatty liver disease (NAFLD) via insulin resistance. This imbalance 
ultimately worsens hepatic inflammation and results in the development of liver fibrosis 
[107]. The receptor Ob-R identified in Kupffer cells (KC), and binding of leptin with 
receptor enhances the expression of TGF beta, TIMP1 in liver fibrosis scenario [108]. 
However, the direct role of leptin in liver cancer is controversial, with some reports sug-
gesting its role in liver cancer. In contrast, others offer its inhibitory potential on tumor 
size in hepatic cancer [109, 110]. The level of leptin was found to decrease in patients 
with cancer cachexia compared to non-cancer cachexia [111].

10. Leptin therapeutics past and future

The significant need for clinical implications of leptin is to regulate the regular 
physiological role of leptin in pathological conditions. There is a correlation between 
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body weight loss and serum levels of leptin. As a result, several therapeutic approaches 
have been implemented for the use of leptin in obesity control. However, increased 
resistance to leptin is also a significant issue in the treatment of obesity. But, a combina-
tion of therapeutic approaches may be helpful to these problems [112, 113].

Among the adipocyte secreted hormones, leptin is the front that has been used for the 
treatment of hypoleptinemia status clinically. The most important therapeutic benefits 
of leptin are rely on providing a novel method for treating the conditions connected with 
mutation of leptin gene and lipodystrophy in humans [114]. Treatment with exogenous 
leptin in obese patients concluded that leptin can decrease the body weight and fat tissue 
of the subjects [115]. It was also noted that leptin excerpts a dose-dependent regulating 
potential as individuals energy intake and appetite [116, 117]. Development of leptin 
analogous with full biological effect, especially with the potential to cross the blood–brain 
barrier, can improve the results obtained from leptin therapy focusing on obesity man-
agement. The administration of leptin can accelerate wound healing in diabetic ob/ob and 
wild-type mice in a dose-dependent manner through leptin receptor mediation [118].

Exogenous administration of leptin can regulate fatty acid oxidation in muscles 
and control triglyceride synthesis in the liver [119, 120]. Even though the mechanisms 
in humans are not clear, administration of leptin and adiponectin was found to 
improve insulin resistance in type 2 diabetic conditions [121, 122]. The immune-
modulatory impact of exogenous leptin administration in rodents highlighted that the 
cytokine could activate encephalomyelitis [123]. Various in vitro assays also supported 
the immune stimulator action of leptin [124, 125]. Identifying high-affinity-binding 
molecules to control the level of circulating leptin is suggested as an advanced therapy 
for treating arthritis and inflammatory bowel disease. In addition, replacement with 
recombinant methionyl human leptin is a brilliant choice for treating pathological 
conditions associated with relative or absolute leptin deficiency and restoring immune 
functions [126]. One of the future therapeutic approaches of leptin relies on its use 
as a natural adjuvant in vaccinations since it can stimulate T helper I responses while 
down-modulating regulatory T cells [127].

Considering the cancerous conditions, ATLO-ACA, an Ob-R antagonist peptide, 
finds effective for treating triple-negative breast cancers in experimental models 
[128]. Also, therapy based on leptin/Ob R axis function inhibition was identified 
as adjunctive therapy for newly diagnosed and recurrent glioblastoma [129]. The 
modern therapeutic approaches of leptin are connected with molecular approaches at 
gene levels are 1) CRISPR-Cas 9 connected with floxed leptin-locus based approaches 
- to lower the leptin levels, 2) Cre-lox P- generation of one copy of Lep eliminates – to 
lower the leptin levels, glucose and insulin tolerance, c) administration of neutral-
izing leptin-specific antibodies –to reduce the circulating levels of leptin to reduce 
food intake and hepatic stenosis [130]. Administration of human recombinant leptin 
accelareated dose-dependent sprouting angiogenesis and hypothesized that the 
application of human recombinant leptin could improve the wound healing process 
through neovascularization [3]. So far, evidence gathered from previous studies high-
lights the role of leptin in therapeutic applications. But overcoming leptin resistance is 
a significant challenge in leptin-based therapy.

11. Conclusion

In conclusion, leptin is considered an essential pleiotropic adipokine with 
various effects on biological systems. However, leptin’s structural and functional 
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characteristics and its receptors are characterized by a unique signaling mechanism. 
Focusing on leptin could be a therapeutic approach to manage autoimmune inflam-
mation associated with obesity, cancer, and metabolic diseases. But further research is 
needed to understand the relationship between leptin on biological systems, as it has 
complex signaling mechanisms.
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Abstract

Pituitary cell function is impacted by metabolic states and therefore must receive 
signals that inform them about nutritional status or adiposity. A primary signal 
from adipocytes is leptin, which recent studies have shown regulates most pituitary 
cell types. Subsets of all pituitary cell types express leptin receptors and leptin has 
been shown to exert transcriptional control through classical JAK/STAT pathways. 
Recent studies show that leptin also signals through post-transcriptional pathways 
that involve the translational regulatory protein Musashi. Mechanistically, post-
transcriptional control would permit rapid cellular regulation of critical pre-existing 
pituitary transcripts as energy states change. The chapter will review evidence for 
transcriptional and/or post-transcriptional regulation of leptin targets (including 
Gnrhr, activin, Fshb, Gh, Ghrhr, and Pou11f1) and the consequences of the loss of 
leptin signaling to gonadotrope and somatotrope functions.

Keywords: Leptin, somatotropes, gonadotropes, Musashi, post-transcriptional, Pou1f1, 
Ghrhr, Gnrhr, Fshb

1. Introduction

To perform their vital functions, anterior pituitary cells must respond appro-
priately to their unique hypothalamic releasing hormones, while also responding to 
extrinsic signals informing them of the body’s nutritional and metabolic state. Leptin 
is one of the most important of these extrinsic signals. However, recent studies show 
that leptin does more than simply signal levels of fat stores [1–11]. Leptin plays a 
trophic role that optimizes and maintains differentiation of at least two of these cell 
types, somatotropes and gonadotropes.

Anterior pituitary somatotropes produce growth hormone (GH) to support 
growth in muscles and bones before puberty and build muscle, bone, and reduce 
fat to optimize body composition in the adult [12, 13]. Gonadotropes produce the 
gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH), 
which differentially regulate gonadal functions, ovulation and reproductive cyclicity 
[14]. Both somatotrope and gonadotrope functions are impacted by the nutritional 
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state and therefore it is not surprising that they exhibit a dependency on leptin. Early 
studies showed significant reductions in numbers of gonadotropes in leptin-deficient 
animals [6, 15–19]. Similarly, rodents that lack leptin or leptin receptors (LEPR) had 
reduced numbers of somatotropes [20, 21]. Our studies on the distribution of pitu-
itary LEPR showed expression in nearly all cells [1, 22].

A dependency on normal levels of serum leptin was seen in our studies of 24 h 
fasted rats, when we correlated the reduction in serum leptin with reduced numbers 
of immunolabeled somatotropes and gonadotropes, along with reduced receptivity 
for gonadotropin releasing hormone (GnRH) and growth hormone releasing hor-
mone (GHRH) [23]. As these findings pointed to potential trophic actions by leptin, 
we continued in vitro studies to determine if leptin would rescue either cell popula-
tion, restoring hormone stores lost during the acute fast. We cultured pituitary cells 
from fasted rats overnight and then incubated them with 10-100 pg./ml leptin for 
1 h. This brief treatment rapidly restored stores as detected by increases in numbers 
of immunolabeled somatotropes and gonadotropes [23], confirming direct effects of 
leptin on these cell populations.

These findings agree with recent in vivo studies of rodents by Luque et al. [24], 
which showed that both GH secretion and Ghrhr mRNA levels were restored by leptin 
in leptin-deficient ob/ob mice. Furthermore, studies of non-human primates by 
this same group confirmed both somatotropes and gonadotropes as leptin targets in 
primates [25, 26], reporting that leptin stimulated release of GH and follicle stimulat-
ing hormone (FSH) in vitro [25].

Leptin’s restorative or stimulatory effects directly on somatotropes and gonado-
tropes have since led to studies that explored the significance of this regulatory 
influence as well as basic mechanisms of action, including the identification of signal-
ing pathways and transcription factors. This chapter will review the studies which 
have identified critical leptin target molecules that are vital to the differentiated 
function of gonadotropes and somatotropes. We will also review signaling pathways 
used by leptin to stimulate production of these targets. Finally, we will show how 
leptin may contribute to plasticity of the pituitary by supporting multihormonal cell 
populations.

2. Leptin regulation of reproduction

The overall importance of leptin to reproduction was established soon after 
its discovery [5]. Leptin alone will restore fertility in leptin-deficient animals and 
humans [4, 15, 16, 27–36]. There are distinct sex differences in serum leptin levels 
in the adult. After puberty, adult males have relatively low leptin levels, when 
compared with females [37–41]. This sex difference may reflect the differential 
regulation of leptin by gonadal steroids. Androgens inhibit leptin secretion to 
prevent leptin inhibition of testicular function (reviewed in [5]). In females by 
contrast, estrogens stimulate leptin secretion. The rise in estrogen early in the 
cycle may contribute to the 2-3-fold increase in leptin levels known as the midcycle 
leptin surge [37, 39].

With respect to gonadotrope function, studies have also reported a synchrony 
between nocturnal leptin and LH pulses in normal cycling women [36, 37]. Indeed, a 
comprehensive study of 259 cycling women reported that the highest levels of leptin 
were correlated with the timing of the LH surge [37]. In contrast, anovulatory cycles 
were associated with overall low leptin levels.
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3. Leptin regulation of gonadotropes

Shortly after leptin was discovered, pioneering studies by Yu et al. [10] dem-
onstrated that leptin stimulated LH and FSH release, in vitro, from hemi-anterior 
pituitaries. They reported a dose dependent increase in LH after 3 h in 10−11-10−9 M 
leptin. Higher concentrations, however, were not stimulatory suggesting the develop-
ment of leptin resistance. It is interesting to note that the relatively narrow concentra-
tion range that stimulates gonadotropin release matches that of the normal cyclic rise 
in leptin [36, 39]. Yu et al. reported that leptin alone stimulated LH release, in vitro 
and it did not add to the stimulatory effect of GnRH [11]. Their studies also identi-
fied nitric oxide as a signaling pathway for leptin regulation of gonadotropes. They 
showed that a competitive inhibitor of nitric oxide synthase (NOS), N6-monomethyl-
L-arginine (NMMA), inhibited the leptin stimulation of LH release in vitro [11] 
suggesting that leptin may use the NOS pathway to stimulate gonadotropes directly.

Our studies on the importance of leptin to gonadotropes began with the detection 
of leptin receptors (LEPR) in dispersed pituitary cells from male and cycling female 
rats and mice [1]. The expression of LEPR varied with the stage of the cycle and was 
seen in 40-50% of anterior pituitary cells from males and females in metestrus or 
diestrus. LEPR expression increased to 60-80% of AP cells in proestrous and estrous 
females, which coincided with the midcycle rise in serum leptin [1].

To determine if the increase reflected changes in gonadotrope receptivity, dual 
labeling was performed for LEPR and gonadotropins. The results showed that 90% of 
gonadotropes identified by the stores of luteinizing hormone (LH) or follicle stimulat-
ing hormone (FSH) expressed LEPR in males and throughout all stages of the cycle in 
females [1]. Some of the increase in LEPR in proestrous females was due to an increase 
in cells expressing LH and LEPR, which occurs just before the LH surge.

The findings showing an overall increase in LEPR early in the estrous cycle stimu-
lated studies to determine potential regulators for this expression. We treated one day 
cultures of anterior pituitary cells from diestrous female mice with estradiol overnight 
and then treated a subset of these cultures with 10 or 100 pg./ml neuropeptide Y 
(NPY) for 3 h. Figure 1 shows that estradiol or NPY alone (100 pg./ml) stimulated a 

Figure 1. 
Estradiol and NPY stimulate LEPR expression in 1-day cultures of anterior pituitary cells. * = significantly higher 
values than all other values; ANOVA + Bonferroni’s post hoc test. Note: These are original data, not published 
elsewhere.
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significant 2--fold increase in LEPR-bearing cells and that the effects of the two were 
not additive. In contrast, NPY did not stimulate LEPR expression in anterior pituitary 
cells from male mice (data not shown). Collectively, these data support the hypothesis 
that rising estradiol early in the cycle may stimulate an increase in pituitary receptiv-
ity to leptin which may serve as a gateway for leptin’s permissive actions [7].

Having established the presence of the receptor population in gonadotropes, we 
determined if leptin acted on gonadotropes through the Janus Kinase-Signal Transducer 
and Activator of Transcription (JAK–STAT) pathway. Following leptin stimulation for 
10-60 min in vitro, pituitary cells from diestrous females were dual immunolabeled for 
phosphorylated STAT3 and LH or FSH [1]. In 30-60 min, leptin stimulation increased 
the overall percentage of LH or FSH-bearing gonadotropes and the percentages of 
gonadotropes bearing pSTAT3 [1]. Thus, leptin acts through both NOS [11] and the 
JAK–STAT [1] pathways to increase LH or FSH stores in gonadotropes.

4. The importance of leptin to gonadotrope function

The next series of studies investigated leptin’s importance to gonadotrope func-
tion by selectively ablating LEPR in gonadotropes with Cre-LoxP technology. This 
work fills a critical knowledge gap, because, as summarized in our recent review [5], 
much of the research surrounding leptin’s role in reproduction has been focused in the 
hypothalamus. There was a growing body of evidence showing that leptin’s regulatory 
actions were mediated through its stimulation of Kisspeptin neuronal pathways that 
regulate GnRH neurons (reviewed in [5]).

Our first set of studies used Cre-recombinase driven by the rLhb promoter to 
delete either the JAK binding site (floxed LEPR exon 17) [1] or the signaling peptide 
of the LEPR (floxed LEPR exon 1). Deletion of LEPR exon 17 resulted in a non-
signaling receptor. Deletion of exon 1 resulted in ablation of all isoforms of LEPR. 
because the deletion removed the signal peptide thereby preventing the protein 
from entering the rough endoplasmic reticulum. Ongoing studies are using Cre-
recombinase driven by the Gnrhr promoter to delete LEPR exon 1.

The first question to be addressed related to the impact of loss of LEPR in 
gonadotropes on pubertal development, growth, and fertility of the mice [1]. When 
LEPR exon 17 was deleted in gonadotropes with the Cre-Lhb driver, mice showed 
no evidence of delayed puberty or growth. Mutant males showed no evidence of 
impaired fertility. However, mutant females exhibited a 36% increase in time to first 
pregnancy and the litters contained significantly fewer pups. Pup survival was 98% 
from either parent and there was no evidence of growth defects in weanlings from 
mutant females. Therefore, mutant females appeared to lactate normally.

We analyzed hormone levels in mice lacking LEPR exon 17 and reported that loss 
of LEPR resulted in several deficits [1]. In mutant diestrous females, serum levels 
of LH, FSH, and GH were reduced. In contrast, mutant males showed reductions in 
GH, prolactin (Prl), and thyroid stimulating hormone (TSH), but no reductions in 
gonadotropins. The loss of LEPR resulted in reduced Fshb mRNA levels in both males 
and females but no reductions in Lhb, Cga (in females) or Gnrhr mRNA levels. In 
addition, there was a reduction in inhibin/activin beta subunit mRNA (Actßa and 
Actßb) in females. The most striking reduction, however, was in GnRHR proteins, as 
detected by immunolabeling or binding to a biotinylated analog of GnRH [1]. The 
reduced binding was most severe in diestrous females, a stage where GnRHR expres-
sion is normally at the highest levels.
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However, during this phase of the study, we detected Cre-recombinase in the testes 
and therefore continued these studies focusing only on mutant females [7] bearing Cre-
Lhb and floxed LEPR exon 1. The deletion of this exon was impactful because it results 
in loss of all isoforms of the receptor. Tests of fertility showed normal litter numbers 
from three breeding cages of F2 generation heterozygous females (bearing only one 
deleted allele of LEPR exon 1). However, the study showed severe subfertility/infertility 
in F3 generation mutant homozygous and heterozygous females [7]. Out of the five F3 
generation homozygous females, only two were fertile, producing litters more slowly 
than control females (one every 30-45 days). One of the litters did not survive. In addi-
tion, three F3 homozygous females and two F3 heterozygous females were completely 
infertile in breeding tests that lasted from 65 to 281 days with a fertile male [7].

We were able to study cyclicity in the progeny from the two F3 fertile females. These 
mutant F4 female progeny cycled irregularly. Two of them remained in diestrus and 
the remaining females spent more time in diestrus than normal females. Collectively, 
these breeding studies showed that ablation of all isoforms of LEPR in gonadotropes 
had a profound impact on a subset of females; less than half could cycle and were 
fertile [7]. This highlighted the importance of leptin to gonadotrope functions. 
However, because of the infertility issues in the line expressing Cre-LH X LEPR exon 
1, our ongoing studies have now switched to mice bearing Cre-recombinase driven by 
the Gnrhr promoter. Whereas the mutant females in this line are still subfertile, they 
produce sufficient progeny for our ongoing and continuing studies of this line.

5. Leptin regulates target genes through different pathways

After we characterized the deletion mutants lacking LEPR in gonadotropes, we 
hypothesized that rising leptin early in the cycle may have a permissive effect on the 
rise in pituitary GnRHR levels [7], which could serve as a gateway that permitted 
full receptivity to GnRH and facilitates the LH surge. We treated pituitary cells from 
normal diestrous female mice with 10 nM leptin and showed a significant increase in 
GnRHR proteins [7]. We also detected leptin-stimulated increases in pituitary activin 
(but not inhibin) mRNA (Actßa and Actßb) in the same sets of experiments. However, 
leptin did not stimulate increases in Gnrhr mRNA levels [7], which correlated well 
with the lack of change in mRNA levels evident in the LEPR-null gonadotropes. Thus, 
we identified three targets of leptin in our animal model, and proposed that leptin 
may activate these by different pathways.

5.1 Transcriptional regulation of FSH and activin by leptin

We have demonstrated that expression of Fshb and activin transcripts are dependent 
on a normal leptin signal [1, 7]. Other workers have shown that activin and FSH may 
be dependent on the timing of this leptin signal during postnatal development, which 
is characterized by a rapid rise in serum leptin. Wen et al. [42] studied the link between 
the postnatal rise in leptin and FSH and reported that full co-expression of GnRHR and 
FSH is seen by postnatal day 7, which coincides with the peak leptin surge. A parallel rise 
in Fshb and Actβa and Actβb mRNA levels during the postnatal leptin rise has also been 
reported [43–46]. Researchers investigating the impact of altering the neonatal leptin 
surge on the reproductive system reported that blockade or alteration of the leptin surge 
decreased testicular or ovarian growth, delayed puberty, and reduced FSH in rat pups 
[47]. In addition, females showed reduced numbers of ovarian primordial follicles [48].
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Another link between leptin and FSH was reported by studies that restored LEPR 
in gonadotropes from mice that were genetically engineered to be globally deficient 
in LEPR [49]. As expected, fertility was not restored, because the mice were morbidly 
obese, and kisspeptin and GnRH neuronal function was still deficient. However, they 
did report elevated FSH levels in these mice. It was not determined whether restora-
tion of the leptin signal influenced GnRHR expression.

The reduced Fshb mRNA detected in our gonadotrope LEPR-null mutants cor-
relates well with the reduced activin (Actßa and Actßb) mRNA [1], which is a critical 
regulator of Fshb transcription [50, 51]. Our studies show that leptin stimulates 
activin mRNA [7], which could thus serve as a pathway for FSH stimulation. Leptin 
regulation of FSH also agrees with studies of rats [10, 11] and non-human primates 
[25] in which leptin directly stimulated FSH secretion, in vitro. Collectively, these 
findings suggest that leptin may be an important transcriptional regulator of FSH 
production both postnatally and early in the cycle, either directly or indirectly. 
Additional studies are needed to determine if this pathway is mediated through JAK–
STAT activation or NOS [10, 11].

Figure 2 illustrates how the ovary and adipocytes may partner in the remodeling 
of gonadotropes to support the development of the follicles with key cellular regula-
tory pathways and outputs indicated. This cartoon focuses mainly on leptin, FSH and 
estrogen. We propose that normal levels of leptin permit a rise in FSH early in the 
cycle regulating FSH directly or through activin. This could be an important check-
point if leptin levels drop due to fasting, for example [23] as this may signal poor 
nutrition and reduce FSH production. The cartoon then shows that FSH stimulates 

Figure 2. 
Gonadotropes are remodeled early in the cycle by estrogens, GnRH, and leptin to support the ovary. We 
postulate that normal levels of leptin permit FSH release directly or through activin. FSH stimulates the growing 
population of follicles, which produce more estrogen. This rise in estrogen may stimulate leptin release from 
adipocytes and the expression of LEPR in gonadotropes. Estrogen also exerts positive feedback on the neuronal 
circuit that regulates GnRH, which produce more rapid GnRH pulses, which also stimulate Gnrhr mRNA. As 
Gnrhr mRNA rises, leptin works post-transcriptionally to permit translation of GnRHR proteins by de-repressing 
the actions of the translational regulator Musashi (MSI). Leptin also causes a reduction in expression of MSI. 
This is an original figure drawn by the corresponding author and not published elsewhere.
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ovarian follicles to produce and secrete estrogen, which stimulates a rise in serum 
leptin. The growth in ovarian follicles and subsequent rise in estrogen also has posi-
tive feedback actions on GnRH neurons (shown in ref. [5]) and the gonadotropes. 
Estrogen may also stimulate a rise in pituitary LEPR (Figure 1), which renders the 
gonadotropes more responsive to leptin.

Not shown in this cartoon is GnRH, which is secreted in response to estradiol positive 
feedback to stimulate gonadotrope production of gonadotropins and GnRHR (pathway 
shown in ref. [5]). GnRH and estradiol both stimulate Gnrhr mRNA during this time 
(reviewed in [9]). Leptin’s role is to de-repress Musashi’s actions on Gnrhr mRNA and 
permit translation. Leptin also reduces Musashi expression [7, 8]. Thus, our studies show 
that, whereas leptin does not regulate Gnrhr mRNA directly, it works in partnership with 
estradiol and GnRH to permit its translation by regulating MSI. This is another check-
point in reproductive cycles [7, 9]. Reduced leptin, due to fasting for example, may signal 
poor nutrition and thus reduce translation of GnRHR [7–9] and GnRH binding sites 
[23]. Ultimately, leptin reduction of ablation slows or prevents reproduction. Our animal 
models lacking LEPR in gonadotropes support this hypothesis [1, 5, 7].

5.2 Post-transcriptional regulation of GnRHR by leptin

Figure 2 also shows the pathway that regulates the third target for leptin, GnRHR. 
This receptor appears to be regulated post-transcriptionally by leptin, because Gnrhr 
mRNA is unchanged when diestrous female or male gonadotrope LEPR-null mutants 
were compared with control males or diestrous females. Additionally, stimulation of 
control diestrous female pituitary cultures by leptin increases GnRHR, but not Gnrhr 
mRNA levels [7, 8]. We investigated post-transcriptional mediators of leptin action 
and determined that a putative miRNA repressor of Gnrhr mRNA translation, miR-
581/669d, was increased in LEPR-null gonadotropes [7]. The most promising regula-
tion, however, came from the translational regulatory protein, Musashi (MSI), as we 
identified 3 consensus binding elements for Musashi (MBEs) in the 3’ UTR of murine 
Gnrhr mRNA [8]. The evolutionarily conserved Musashi family of sequence-specific 
RNA binding proteins (Musashi1 and Musashi2) have long been known to be expressed 
in stem and progenitor cell populations, where they act to oppose differentiation and 
promote stem cell self-renewal [52]. Although originally identified as a repressor 
of target mRNA translation, Musashi was subsequently shown capable of directing 
translational activation of target mRNAs in a context-dependent manner [53].

Our studies of leptin stimulation of GnRHR proteins showed a dose response 
relationship between leptin and expression of GnRHR (detected by enzyme assays) 
or Biotinylated GnRH binding to living pituitary cells (detected cytochemically) 
[8] After we confirmed that leptin stimulated GnRHR proteins, but not mRNA, we 
determined by electrophoretic mobility shift assays that Musashi1 interacted directly 
with the Gnrhr 3’ UTR [8] . This pituitary association was confirmed by immuno-
precipitation with anti-Musashi antibody and the detection of an enrichment of the 
endogenous Gnrhr mRNA (17-fold over control immunoprecipitates). Moreover, the 
use of luciferase mRNA reporter assays showed that Musashi1 repressed translation of 
the Gnrhr 3’ UTR. Tests of leptin actions on Musashi showed that leptin stimulation 
caused a reduction in Musashi protein levels in gonadotropes, suggesting that leptin 
may inhibit Musashi expression [8].

To summarize, our studies of leptin actions on gonadotropes have shown severe 
functional deficiencies in gonadotropes lacking exon 1 of LEPR. The total absence of the 
LEPR caused infertility in a subset of females [7]. Collectively, studies of these animal 
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models point to key gene products that are affected by loss of leptin signals. Leptin 
may be important in the transcription of Fshb mRNA either directly and/or through 
the transcription of activin. In addition, leptin’s actions may serve to regulate the 
translation of GnRHR protein [7–9]. Our studies suggest that leptin opposes Musashi-
dependent repression of target mRNAs and/or reduces expression of Musashi directly in 
gonadotropes, leading to enhanced translation of the Gnrhr mRNA. This may provide a 
pathway which permits full expression of GnRHR early in the cycle to reach peak levels 
in diestrus and proestrus. Estradiol may also stimulate the expression of LEPR, which 
peaks on proestrus (Figure 1). Rising leptin may then partner with estradiol to promote 
the production of GnRHR (Figure 2). We hypothesize that leptin’s permissive actions on 
GnRHR may be to de-repress actions of the translational regulatory protein Musashi and 
promote full receptivity of the gonadotrope to GnRH [7–9].

6.  Impact of ablation of LEPR in gonadotropes on other pituitary cell 
types

The loss of leptin receptors in gonadotropes also had a broader impact on pituitary 
function. We reported a profound reduction in serum GH, in both mutant males and 
females (Figure 3) [1]. This reduction would expect to result in growth hormone defi-
ciency, which, in our other models has resulted in significant changes in body weight 
(adult-onset obesity) [22]. However, when mice were weighed regularly for nearly a 
year, these deletion mutant animals grew normally and did not gain more weight than 
normal mice during their first year of life [1]. In addition, male mutants show reduced 
levels of serum TSH and prolactin [1]. There were also sex-specific differences in mRNA 
levels. As stated earlier, in deletion mutant females, Fshb and activin were reduced. In 
contrast, male deletion mutants showed reduced mRNA levels of Fshb, Cga, Gh, and 
Ghrhr. This phenotype may be the result of deficits in the production of paracrine fac-
tors from gonadotropes, which are needed to regulate the function of these cell types. 
Alternatively, we hypothesized that this phenotype may simply result from of the loss 
of multihormonal function in subsets of gonadotropes themselves. Evidence for the 
presence of multihormonal gonadotropes is reviewed in the next few paragraphs.

The presence of multihormonal gonadotropes in the rodent pituitary cell population 
is not unexpected since our group previously reported cells that stored gonadotropins 

Figure 3. 
Mutants lacking Lepr exon 17 in gonadotropes show significantly reduced levels of serum GH. This colored figure 
has not been published elsewhere. However, the data were published as separate figures (separating sexes) in ref. 
[1] in a completely different, black and white graph.
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and either ACTH [54–56] or GH [57, 58]. Early studies of gonadotropes purified by cen-
trifugal elutriation reported a fraction that contained 91-93% immunolabeled LH-FSH 
cells (a 9-fold enrichment). This group of cells were enriched based on their response 
to GnRH. The stimulated secretion caused them to enlarge. Which allowed them to be 
separated and enriched in a fraction containing larger cells. The fraction also contained 
gonadotropes that immunolabeled for other hormones. In the female gonadotrope frac-
tion, we detected: 29.2% GH cells, 4% prolactin cells, 6.8% adrenocorticotropin (ACTH) 
cells, and 2.8% thyroid stimulating hormone cells (TSH [59]).

More recently we bred a Cre-reporter gene into our Cre-LH line to purify gonado-
tropes by fluorescence activated cell sorting mice [60]. Floxed tdTomato (red fluores-
cence) was expressed in all pituitary cells. However, in cells bearing Cre-recombinase 
(Cre-Lhb), the tdTomato was ablated promoting the expression of eGFP (green 
fluorescence). Thus, all non-gonadotropes (not producing Cre-Lhb) fluoresced red 
and all gonadotropes bearing LH expressed the green eGFP fluorescence. The red and 
green fractions were then separated by Fluorescence Activated Cell Sorting (FACS). 

Figure 4. 
FACS experiment comparing non-fluorescent cells (4A) with those bearing tdTomato-eGFP, but no Cre-
recombinase (4B) and those bearing Cre-recombinase, which ablates the tdTomato, allowing expression of eGFP 
(4C). Only the profile in 4C shows the presence of eGFP cells. (D–F) show that >90% of LH, FSH, and GnRHR is 
assayed in the eGFP fraction and barely detectable in the tdTomato fraction. Immunolabeling in  
(G) shows that >90% of the eGFP cells are labeled for LH (cyan shows blue label over eGFP green). (H–K) detect 
70-90% of other pituitary hormones in the tdTomato fraction, but 10-30% of these hormones are found in the pure 
gonadotrope fraction. These data have never been published elsewhere and are original to this chapter.
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The FACS and assay methods are identical to those used for the Cre-GH line, as 
described by Odle et al. [60].

Figure 4 shows the FACS separation profiles for non-fluorescent pituitary 
cells (Figure 4A); fluorescent Cre-negative populations bearing only tdTomato 
(Figure 4B) and Cre-positive populations, which contain the eGFP cells (Figure 
4C). Assays for content of gonadotropins and GnRH receptors show that over 
95% of the total content is in the eGFP fraction (Figure 4D–F). Over 90% of 
eGFP cells were immunolabeled for LH (Figure 4G). However, multihormonal 
expression is evident as shown in Figure 4H–K. The eGFP fraction contains 
30% of the GH and TSH content and 10% of the ACTH and prolactin content. In 
contrast, the non-gonadotrope, tdTomato fraction (red bars) contain over 70% of 
the content of GH and TSH and 90% of the content of ACTH and prolactin.

When mRNA levels were assayed by qPCR, similar results were seen. Figure 5A 
shows the 72-88% enrichment in gonadotropin and Gnrhr mRNAs in the eGFP fractions, 
with little evidence for expression in the tdTomato fraction. Figure 5B shows that 10-20% 
of the levels of Gh, Tsh, and Pomc mRNA were also found in the gonadotrope fraction 
with the remaining tdTomato fraction containing the bulk of these RNAs (80%). It is also 
interesting to note that Pou1f1 (also known as Pit1) mRNA, a transcription factor impor-
tant in the production of Gh, Tshb and Prl is also found in the eGFP-gonadotrope fraction 
at about the same levels as that of Gh and Tshb. This expression would be important as 
Pou1f1 would be available to support the transcription of Gh, Tsh, and Prl.

FACS fractions from male mice from this line were also analyzed for mRNA content 
and similar enrichment of gonadotropins and Gnrhr mRNA levels was evident as well as 
similar levels of Gh, Prl and Tshb mRNAs in the eGFP-gonadotrope fractions (data not 
shown). Also, it is interesting to compare the expression profile of these purified gonado-
trope fractions with that of the purified fractions produced in mice bearing Cre-GH. As 
previously reported, the Cre-GH/eGFP fraction contains most of the GH but very little 
LH, FSH or ACTH (see Figure 5 in [60]). The pure somatotropes contain significant 
amounts of Pou1f1, prolactin and TSH proteins and mRNA. Thus, somatotropes also 
include a multihormonal subset, but the expression profile is different.

More recently, multihormonal pituitary cell populations have been detected by 
single cell RNA-sequencing, especially in the study by Ho et al. [61], which investigated 

Figure 5. 
(A) qPCR assays show enrichment in Lhb, Fshb, and Gnrhr mRNA in eGFP fraction. These data have not been 
published elsewhere and are original. (B) Shows enrichment of Gh, Prl, and Pit1 mRNA levels in tdTomato 
fractions, but expression of about 20% of the total in the gonadotrope fraction. (C) Shows Tshb and Pomc mRNA 
levels and about 20% are in the gonadotrope fraction and 80% in the tdTomato fraction. These data have not been 
published elsewhere and are original to this chapter.
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changes in multihormonal cell transcriptome patterns in mice subjected to differ-
ent physiological stresses. As we have outlined in a recent review [62], these pools of 
multihormonal cells may serve to support pituitary plasticity and add to the functions 
of pituitary populations as physiological needs arise. We hypothesize that these cells 
may include progenitor cells. Our data showing that gonadotrope LEPR-null mice have 
deficiencies in other hormones suggest that leptin may regulate multihormonal expres-
sion from this group of cells. The fact that secretion of a particular hormone is reduced 
in animals with LEPR-null gonadotropes highlights the importance of leptin to multi-
hormonal function and suggests a role for leptin in the regulation of pituitary plasticity.

7. Leptin regulation of somatotropes

Somatotropes are vital metabolic sensors because they directly regulate stores of 
fat as they build muscle, bone, and regulate optimal body composition [63]. Most 
somatotropes bear leptin receptors [64, 65] and leptin deficiency results in reduced 
somatotrope functions [4, 20, 66–68]. As stated in the introduction, leptin treatment 
of leptin deficient ob/ob mice restores pituitary GH secretion and Ghrhr mRNA levels, 
but not hypothalamic production or secretion of GHRH [24].

Our studies of leptin’s regulation of somatotropes began with the ablation of LEPR 
exon 17 or exon 1 with Cre-recombinase driven by the rat GH promoter [22, 69]. Both 
models showed GH deficiency, adult-onset obesity and metabolic dysfunction. At the 
level of the pituitary, this deficiency was seen as a reduction in GH and GHRHR.

We also reported sex-specific deficiencies during postnatal development with the 
discovery that leptin may target two transcription factors important in the production 
of GH, GHRHR, PRL, and TSH. These included Prophet of Pit1 (Prop1) and Pou1f1 
[70]. Ablation of LEPR exon 1 in somatotropes reduced Pou1f1 in neonatal females 
along with serum prolactin. GH stores detected by immunolabeling were also reduced 
in both neonatal males and females. Interestingly, the lack of LEPR promoted an 
increase in Prop1 in neonatal males.

The studies of the impact of loss of LEPR were continued on FACS purified somato-
tropes [60]. Purified somatotropes showed reductions in GH, as expected, however 
they also contained a subset of multihormonal cells storing TSH and/or prolactin. In 
somatotrope LEPR-null females, TSH and prolactin stores were reduced in the pure 
somatotrope fraction [60]. Taken together, our analysis of somatotropes that lack LEPR 
shows that this multihormonal subset is significantly reduced, suggesting once more 
that leptin may play a role in maintaining multihormonal expression and promot-
ing pituitary cell plasticity. Finally, these studies also demonstrated that Pou1f1 was 
reduced in pure somatotropes, which may explain the reduction in any or all hormones 
dependent on this transcription factor (GH, GHRHR, TSH and prolactin) [60].

We continued the investigation of leptin signaling pathways in somatotropes and 
reported that they included both transcriptional and posttranscriptional regulators [3]. 
Our tests of pathway inhibitors showed that full GH expression may be maintained by 
leptin through the JAK/STAT3 pathway but not nitric oxide. This contrasts with leptin 
pathways that regulate gonadotropins, which include NOS. Leptin regulation is likely to 
be transcriptional as loss of LEPR in somatotropes reduced Gh and Ghrhr mRNA and 
proteins [3]. In addition, leptin regulation of the Pou1f1 transcription factor may also 
serve as a pathway for the transcriptional regulation of Gh and Ghrhr [2, 3, 60].

However, regulation of POU1F1 by leptin appears to be via post-transcriptional 
mechanisms as loss of LEPR in somatotropes causes reduction in mRNA levels of 
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the Pou1f1 protein, but not the Pou1f1 mRNA [2, 60]. Conversely, leptin stimulation 
results in increased expression of Pou1f1 proteins, but not mRNA [60].

An in silico analysis detected eight Musashi binding elements in the 3’UTR of the 
Pou1f1 mRNA and tests of Musashi binding showed direct interaction of Musashi 
with this region and repression of translation, which was reversed by leptin [2]. 
Furthermore, Musashi immunoprecipitation of whole pituitary extract showed co-
association of Musashi and the endogenous Pou1f1 mRNA. Our analyses of transcripts 
by scRNA-sequencing studies of normal pituitary cells showed that Msi1 mRNA was 
expressed in somatotropes. This was confirmed in pure somatotrope populations [2].

8. Leptin regulation of pituitary musashi

Our studies of animal models in which LEPR was ablated in gonadotropes or 
somatotropes opened the door to the discovery that leptin may regulate some of its 
target gene products by post-transcriptional pathways. The post-transcriptional 
targets included Gnrhr mRNA in gonadotropes [1, 7, 8] and the mRNA encoding the 
POU1F1 transcription factor in somatotropes [2, 60, 70].

The concept that Musashi would be involved in the translational regulation of 
either Gnrhr or Pou1f1 mRNA was novel, as both transcripts are important in the 
function and differentiation of somatotropes and gonadotropes. The expression 
and involvement of Musashi in differentiated hormone-producing cell lineages was 
surprising as Musahsi is typically implicated in stem and progenitor cell self-renewal. 
Nonetheless, while Msi1 and Msi2 are expressed in pituitary stem cells as expected, 
our scRNA sequencing clearly demonstrated that Msi1 and Msi2 mRNAs were also 
expressed in all hormone-producing cell lineages of the anterior pituitary [2].

Since our findings indicated that Musashi was involved in the repression of trans-
lation of Gnrhr or Pou1f1 mRNAs, we hypothesized that normal signals from leptin 
were needed to reverse this repression [2, 7]. This was based on the fact that the loss 
of leptin signals resulted in a reduction in the proteins (but not the mRNA). We were 
able to demonstrate a role for leptin in regulating the actions of Musashi s in reporter 
assays, where leptin mediated the reversal of Musashi-dependent repression [2].

Our studies also showed that leptin may directly reduce expression of Musashi in 
its target cells. In pituitaries from proestrous female mice lacking LEPR in gonado-
tropes, Msi mRNA expression is higher. Furthermore, leptin treatment of normal 
pituitaries from proestrous females resulted in reduced levels of Msi1 mRNA [8]. More 
specifically, leptin treatment of normal pituitaries reduced Musashi1 immunolabeling 
in gonadotropes, identified by their expression of binding to biotinylated GnRH [8].

Similarly, Musashi1 protein and Msi1 mRNA levels were increased in pure somato-
tropes lacking LEPR [2]. Furthermore, leptin treatment of pure somatotropes sig-
nificantly reduced their expression of Musashi1 proteins. Collectively these findings 
point to a post-transcriptional pathway for leptin, which would reverse repression of 
translation of key target molecules in somatotropes or gonadotropes by regulating the 
function and expression of the Musashi family of translational regulatory proteins.

Our in silico analyses have identified other potential Musashi targets in the anterior 
pituitary, which may be regulated by leptin as well. Notably, there are MBEs in the 
Fshb, Tshb, Prl and Pomc mRNAs. However, no MBEs are found in Lhb, Gh, or Ghrhr 
mRNAs. It is interesting to speculate that this differential targeting may reflect spe-
cific roles for Musashi in regulating differentiated pituitary cells. Musashi could act in 
multihormonal cells by repressing translation of one set of hormones but not another. 
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Furthermore, our studies of leptin regulation of Musashi, GnRHR, and Pou1f1 
protein levels suggest that leptin may use this Musashi pathway to promote selective 
differentiation of a given cell type depending on the body’s needs.

9. Conclusions

Pituitary gonadotropes and somatotropes were initially shown to be most vulnera-
ble to the global loss in leptin signals as demonstrated by their reduction in numbers in 
the population, even following acute fasting. As little as 10-100 pg./ml leptin directly 
restored hormone levels in these populations, so they could once more be detected by 
immunolabeling. We now have much more information about the impact of loss of 
leptin signaling to model animals including infertility when they carried LEPR-null 
gonadotropes and adult-onset obesity and GH deficiency when they carried LEPR-null 
somatotropes. We have identified specific leptin targets in each of these cell types and 
determined that leptin regulation may involve both transcriptional and post-tran-
scriptional pathways. The target molecules are vital to the differentiated function of 
these cells, which highlights a role for leptin in maintaining their differentiated state. 
Regarding post-transcriptional pathways, we have shown that leptin also regulates 
expression of the translational regulatory protein, Musashi. Our studies have led to 
the discovery of novel roles for Musashi, implicating this regulator in the repression of 
targets in specific pituitary cell types. This broadens the scope of Musashi’s regulatory 
role beyond that of regulation of stem cells. Finally, our studies of purified somato-
tropes and gonadotropes have confirmed the presence of multihormonal expression 
in a subpopulation of cells and have led to the discovery that leptin signaling is needed 
to maintain this subset. The presence of these multihormonal pituitary cells is also 
evident in single cell RNA-sequencing studies. Future studies are needed that focus 
on the role leptin plays in maintaining this cell population, which supports pituitary 
plasticity. Future investigation will elucidate the role Musashi may play in the selective 
regulation of specific hormones or their transcription factors.
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Chapter 3

Leptin and Female Reproductive 
Health
Shyam Pyari Jaiswar and Apala Priyadarshini

Abstract

Leptin is a peptide hormone, secreted primarily by the adipose tissue, placenta 
being the second leptin-producing tissue in humans. Apart from playing an integral 
role in food intake regulation and energy balance, leptin is an important signalling 
molecule affecting human reproduction. Accumulated evidence suggests that leptin 
has potential roles in the regulation of GnRH and LH secretion, puberty, preg-
nancy, and lactation. Deregulation of leptin levels has been associated with several 
reproductive disorders including infertility, recurrent pregnancy loss, and poly-
cystic ovary syndrome. This chapter illustrates the importance of leptin in female 
reproductive health, its role in the metabolic regulation of reproductive axis and its 
eventual pathophysiological implications in prevalent reproductive disorders.

Keywords: leptin, pregnancy, reproduction

1. Introduction

Human reproduction is an energy demanding process which requires the  
complex interaction of biological molecules and neuroendocrine pathways primarily 
revolving around the hypothalamic–pituitary–ovarian (HPO) axis [1, 2]. The size of 
body fat and energy stores and the metabolic state of the individual are two of the 
key elements which determine the appropriate functioning of human reproduction, 
including the onset of puberty [1, 3].

In a severely undernourished state, the energy stores of the body are deviated to 
support the indispensable functions for survival, hence compromising the reproduc-
tive ability [4, 5].

It has long been observed that the extreme situations of body fat metabolism, that 
is, obesity and cachexia are both associated with derangement of female reproductive 
function including infertility, recurrent pregnancy loss (RPL) and polycystic ovary 
syndrome (PCOS) [1].

The presumptions on the existence of a missing link between the energy homeo-
stasis of the body and female reproductive health culminated in the year 1994, 
with the discovery of leptin, an adipose tissue derived hormone that maintains the 
homeostatic control of the body fat stores [1, 6, 7]. Leptin has now been recognised 
to control and influence the functioning of the HPO axis also exerting a negative 
feedback effect on the hypothalamus.
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2. Leptin: Structure and function

Leptin (derivative of Greek word “leptos” which means thin) is an adipose tissue 
derived hormone. It a known biomarker of adiposity, its levels rising proportionately 
with body fat stores [3, 8].

Leptin comprises a 167 amino acid polypeptide chain. This 16 kDa protein is 
encoded by the obesity gene (Lepob gene) situated on chromosome 7 [2, 8].

The preliminary function of leptin was recognised to control energy homeostasis 
via a negative feedback mechanism to the brain, to reduce the intake of food when the 
body fat stores were sufficient [3, 9].

However, recent literature elucidates that leptin can control and regulate the 
functioning of HPO axis, has a putative role as a placental hormone and can directly 
affect the reproductive function of gonads.

In this chapter, the role of leptin in female reproductive health will be illustrated 
under the following sections:

a. Leptin in normal pregnancy

b. Leptin in pathological pregnancy:

i. Pre-eclampsia (PE)

ii. Gestational diabetes mellitus (GDM)

iii. Fetal growth restriction (FGR)

c. Leptin in puberty and infertility

d. Leptin in menstruation

e. Leptin in PCOS

f. Leptin in recurrent pregnancy loss (RPL).

3. Leptin in normal pregnancy

3.1 Source of leptin in pregnancy

Placenta is the other leptin producing tissue in humans apart from adipose tissue 
and compelling evidence suggests that both leptin hormone and leptin receptors are 
expressed in human placenta [1, 8–10]. Leptin is produced by the syncytiotropho-
blast cells of the placenta (contribute 95% of total placental leptin) and the vascular 
endothelial cells on the fetal side (5%) [8, 11, 12]. The amniocytes of the amniotic 
membrane and the maternal decidua also release leptin into the amniotic fluid [13].

Even though pregnancy is a state of enhanced fat stores, the major proportion of 
leptin in maternal circulation is contributed by the placenta [1, 11]. Leptin has both 
endocrine and autocrine actions in the placenta and placental leptin is similar to its 
adipose tissue derived counterpart in terms of structure and function [10, 11, 14].

Increased blood levels of leptin (by two folds) have been demonstrated in preg-
nant as compared to non-pregnant women [8]. Presence of leptin has been observed 
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in placenta from 7 weeks of gestation onwards. Leptin levels increase by 30% at as 
early as 12 weeks of gestation, plateau at mid pregnancy and return to pre-pregnant 
levels 24 hours after delivery [8, 11]. The clarification for increased leptin concentra-
tion during pregnancy is the release of plasma soluble leptin receptors by the placenta 
which bind the circulating leptin, hence delaying its clearance [1, 11].

3.2 Functions of leptin in pregnancy

3.2.1 In mother

Pregnancy is an anabolic state where adequate energy stores are required to cater 
to the nutritional demands of the growing fetus. However, pregnancy is a state of 
leptin resistance and the role of leptin in pregnancy deviates considerably from its 
classical role of controlling food intake [15, 16].

The functions can be elaborated as follows (Figure 1) [8, 17]:

1. Plays an integral role in implantation and formation of blastocyst.

2. Activation of enzymes for lipid oxidation to generate growth substrates in the 
form of free fatty acids for growing fetus.

Figure 1. 
Actions of leptin seen at maternal-fetal interface. ST, syncytiotrophoblast; CT, cytotrophoblast [17].
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3. Placental transfer of these substrates to meet the energy demands of the fetus 
including amino acid uptake by the fetus.

4. Placental leptin has a paracrine action in the placenta itself. It contributes to 
placental angiogenesis, induces placental growth and stimulates the trophoblasts 
to produce hCG.

5. As an immunomodulator, it suppresses maternal immune mediated rejection of 
the developing fetus [17].

3.2.2 In fetus

Fetal leptin is predominantly fetal in origin and is present in fetal blood from 
18 weeks of gestation [8, 18]. Maternal leptin does not cross the placenta to affect fetal 
functions due to its high molecular weight [19].

However, the umbilical cord blood leptin concentrations correlate strongly with fetal 
fat mass serving as a good indicator for the same [8, 10, 11, 20]. Fetal leptin levels increase 
as gestational age increases [21]. Female foetuses have higher serum leptin levels than 
their male counterparts due to the suppression of leptin by testosterone in males [22].

Leptin receptors have been reported to be expressed in fetal tissues, for example, 
bone, kidney, and hypothalamus and fetal leptin supports fetal endocrine functions, 
for example, angiogenesis and erythropoiesis.

4. Leptin in pathological pregnancy

4.1 Leptin and pre-eclampsia (PE)

Pre-eclampsia is a multisystem disorder of unknown aetiology characterised by 
hypertension ≥140/90 mm Hg after 20 weeks of gestation with proteinuria. Pre-
eclampsia complicates around 5% of all pregnancies. The pathophysiology involves 
defective trophoblastic invasion of maternal spiral arteries leading to reduced placen-
tal blood flow and hence hypoxia [23].

Pre-eclamptic pregnancies have higher serum leptin levels (eight folds) specifi-
cally in the second half of gestation as compared to normal pregnancy. In PE, plateau 
of leptin does not occur and leptin levels continue to rise till term, falling only after 
delivery. The increase in the serum leptin levels are a consequence of placental 

Figure 2. 
Schematic diagram representing hyperleptinemia as a consequence of chronic placental hypoxia induced by severe 
pre-eclampsia [9].
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hypoxia induced stress (Figure 2). This rise in leptin levels precedes the clinical 
onset of disease hence can also be considered as a potential predictive marker of PE. 
Apart from serum, amniotic fluid also shows a higher concentration of leptin than 
normotensive pregnancies. Leptin being an angiogenic hormone promotes placental 
vasculogenesis and trans placental nutrient transfer compensating for the placental 
insufficiency to some extent [8, 11, 17, 24].

The serum leptin levels rise in linear proportion with the severity of the disease 
[8, 9]. Studies have also suggested that leptin concentrations are higher in term PE as 
compared to preterm PE [17].

However the cord blood leptin levels are lower which denote a reduced fetal fat 
mass often associated with PE [11]. Pre eclamptic pregnancies complicated with FGR 
have higher maternal leptin levels than those without FGR suggesting a greater degree 
of placental insufficiency [8].

The data available is conflicting and the modulation of leptin in relation to pre-
eclampsia is a fertile ground for further studies.

4.2 Leptin and fetal growth restriction (FGR)

Fetal growth restriction may be defined as the failure of the fetus to reach its 
genetically determined growth potential. FGR complicates 5–10% of all pregnancies 
and is associated with significant perinatal morbidity and mortality [25].

Studies linking the role of leptin in FGR have yielded conflicting results. A 
recent meta-analysis involving 1734 women showed no difference in the leptin lev-
els between maternal blood of FGR pregnancies and healthy pregnant women [26].

However evidence suggests that the maternal serum leptin levels are higher in 
pregnancies complicated with FGR and fetal cord blood levels are lower compared 
with normal pregnancies. The higher maternal levels are a consequence of increased 
placental production of leptin triggered by placental insufficiency and hypoxia [27]. 
The lower cord blood levels reflect a lower fetal fat mass seen in FGR and also suggest 
a plausible role of leptin as a growth factor [28].

4.3 Leptin and gestational diabetes mellitus

Gestational diabetes mellitus (GDM) is one of the most common metabolic 
complications occurring during pregnancy with a high risk of maternal and perinatal 
morbidity, also leading to long term sequelae [29]. It may be defined as glucose intol-
erance of variable severity with its onset or first recognition during pregnancy [30]. 
Prevalence of GDM is higher in obese women as compared to women with a normal 
pre-pregnancy BMI [12].

GDM is associated with increased levels of leptin in the placenta and increased 
expression of placental leptin receptors. The rise in serum leptin levels has been noted 
in the first trimester of pregnancy itself, illustrating its possible role as a predictive 
marker for GDM (4.7 fold greater risk of developing GDM). Not only in serum, higher 
leptin levels have also been measured in the amniotic fluid of women with GDM, 
each 1 ng/dl rise in amniotic fluid leptin increasing the risk of developing GDM by 
4% [31].

It has been observed the higher umbilical cord leptin levels were present in 
macrosomic foetuses of diabetic mothers correlating with the increased fetal fat mass. 
Leptin may also contribute to the increased placental size seen in GDM. Moreover, 
leptin also stimulates placental protein synthesis and transfer of nutrients to the fetus 
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as can be speculated by increased expression of glycerol transporter aquaporin-9 in 
the placentae of women with GDM [32].

The enhanced placental production of leptin has also been correlated with a higher 
production of inflammatory cytokines interleukin-6 and tumour necrosis factor-
alpha and therefore linked with the chronic inflammatory state seen in GDM. IL-6 
and TNF-α enhance the placental expression of leptin. Leptin in turn stimulates the 
monocytes for enhanced production of IL-6 and TNF-α resulting in a vicious cycle 
[11, 17, 30, 33].

The production of leptin is stimulated by hyperinsulinemia seen in GDM. 
Therefore, increased leptin levels are also associated with the increased insulin resis-
tance seen in GDM during the second half of pregnancy (Figure 3) [33].

Studies evaluating novel bioactive therapeutic agents comprising macro and 
micronutrients which exert anti-inflammatory actions may be a potential cure for 
inflammation induced leptin resistance at the level of the hypothalamus seen in 
GDM. This will lead to improved leptin sensitivity at the centre and decreased insulin 
resistance at the peripheral level [32].

5. Leptin in puberty and infertility

Robust data reveal that obesity is associated with precocious puberty and cachexic 
women often experience delayed puberty [34]. The association of obesity with 
puberty as well as infertility led the researchers to investigate the mediator and con-
necting factor linking obesity with reproduction.

Rat models with deficiency of leptin or leptin receptors failed to attain puberty, 
elaborating the significance of leptin for reproductive function. The serum levels of 
leptin rise continuously throughout the entire period of pubertal development. Leptin 
regulates female pubertal development more closely as compared to males where 
minimal leptin levels are sufficient to sustain reproductive function [1].

The actions of leptin on various levels of the HPO axis are detailed (Figure 4):

Figure 3. 
Association of increased leptin production with chronic inflammatory state, insulin resistance and 
hyperinsulinemia seen in GDM. TNF-α, tumour necrosis factor alpha; IL-6, interleukin-6 [30].
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5.1 Effects on the central nervous system

The primary site where leptin acts to control the reproductive function is the 
hypothalamus. Leptin receptors are present on the GnRH producing cells in the 
hypothalamus [1]. Leptin through its central action on the hypothalamus stimulates 
the production of GnRH and therefore may be a crucial determinant of the integrity 
of the HPO axis [35]. In mammals the effect of melatonin is also mediated by leptin, 
as observed by reduced litter size in leptin deficient mice [36]. The administration of 
daily dose of leptin to normal female mice resulted in advancement in the timing of 
opening of the vagina by some days [37].

Kisspeptin, a neuronal substance produced by the kiss1 neurons in the hypothala-
mus stimulates the release of GnRH. Physical stress conditions result in the inhibition 
of kiss1 neurons thereby resulting in the suppression of HPO axis. Studies have shown 
that leptin directly acts on the kiss1 neurons to release kisspeptin hence causing 
GnRH release [1].

The release of follicle stimulating hormone (FSH) and luteinising hormone (LH) from 
the pituitary gland is also governed by central pathways involving leptin [38]. Although 
increased leptin levels are seen in women with excessive body weight, obesity per se is 
associated with leptin resistance at the level of the hypothalamus. This leptin resistance 
further aggravates the hyperleptinemia via feedback mechanisms. Although leptin resis-
tance is observed at the centre, the peripheral tissues, for example, the ovaries not only 
remain sensitive to leptin, but are also subjected to higher levels seen in obesity [35, 39].

5.2 Effects on the ovary

Normal leptin levels (10–20 ng/ml) are required for the synthesis of oestrogen 
and progesterone from the theca and granulosa cells of the ovary. Leptin is also 

Figure 4. 
Figure representing the actions of leptin on the hypothalamic–pituitary–gonadal axis. Both stimulatory and 
inhibitory effects are depicted. GnRH, gonadotropin releasing hormone; LH, luteinising hormone; FSH, follicle 
stimulating hormone; WAT, white adipose tissue [1].
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essential for the normal growth and maturation of the oocyte. The follicular fluid 
of the maturing Graafian follicle contains leptin, the concentration of which 
is dependent on the serum leptin concentrations. Higher serum levels of leptin 
(50–200 ng/ml) were associated with suppression of oocyte maturation and 
reduced follicular count. Leptin may also play a role in ovulation as can be specu-
lated by a surge in leptin levels occurring at the same time as the LH surge prior to 
ovulation. Therefore, hyperleptinemia also contributes to infertility by inhibition 
of ovulation. The role of leptin also extends to the maintenance of corpus luteum 
after ovulation [3, 38–40].

Hence it can be summarised that decreased leptin levels seen in energy deficient 
states may be a threat to fertility due to the suppression of HPO axis. However, 
hyperleptinemia in obese females also causes infertility due to the direct inhibitory 
action on the gonads.

5.3 Effects on the endometrium

The receptivity of the endometrial epithelium is blunted under the effect of leptin. 
Studies in mice have revealed that the normal decidualisation of the endometrium is 
also diminished in obese women. Leptin controls the remodelling of the endometrial 
epithelium by mediating its proliferation as well as apoptosis [35].

5.4 Effects on the embryo

The effects of leptin on fertility are not confined to the pre-conceptional phase. 
It also affects the implantation and development of the growing embryo as can be 
interpreted from lower success rates of IVF in women with hyperleptinemia [39]. 
Although in vitro studies have demonstrated the positive effects of leptin on growth 
and proliferation of trophoblastic stem cells, higher levels seen in obese women are a 
deterrent to the embryonal development [39, 41].

6. Leptin in menstruation

Hyperleptinemia may also be a determinant of menstrual function, again through 
its effects on the HPO axis [38]. It is well known that heavy exercise and decreased 
body fat (resulting in lower leptin levels) can lead to cessation of menses. Studies 
have demonstrated resumption of menses in women with hypothalamic amenorrhoea 
when treated with recombinant leptin [42, 43].

A cyclical variation has been observed in the serum leptin concentrations cor-
relating with the phases of the menstrual cycle. In the early follicular phase, the 
concentration of leptin in serum is 14.9 ng/ml, which increases to 20.4 ng/ml in the 
mid-luteal phase [3]. Data have shown that a mid-cycle surge is seen in leptin levels 
corresponding to the mid-cycle LH surge. A recent study demonstrated that a 10% 
rise in leptin level throughout the menstrual cycle resulted in an increase in serum 
estradiol and luteal progesterone level [44].

The cyclicity of leptin levels in reproductive aged women in contrast to the con-
stant levels in men and post-menopausal females further exemplify the role of leptin 
in regulation of menstrual cycle [44].
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7. Leptin in polycystic ovary syndrome (PCOS)

PCOS is a heterogeneous disease, characterised by chronic oligo/an-ovulation, 
hyperandrogenism and polycystic ovaries on morphology. It is one of the most com-
mon endocrine disorders of women of reproductive age group affecting 5–10% of 
these women. It is also the most common cause of anovulatory infertility.

Since a vast majority of these patients are obese and have metabolic derangements, 
several studies have been conducted investigating the role of leptin in PCOS which 
have yielded conflicting results [1, 17].

It has been observed that the increased LH levels seen in PCOS patients are also 
associated with increased leptin levels [45]. Since nearly half of these women present 
with obesity, hyperleptinemia is a common association in PCOS. Several studies have 
elucidated elevated levels of leptin in PCOS [46, 47]. Others have linked leptin with 
the insulin resistance seen in PCOS [48]. Leptin has also been associated with the 
pro-inflammatory and hyperandrogenic state seen in PCOS [49].

Since hyperleptinemia is observed in several clinical manifestations associated 
with PCOS, it may be speculated that leptin may have a role in the etiopathogenesis of 
the disease. However, studies directly demonstrating leptin as one of causative factors 
of PCOS are still sparse.

8. Leptin and recurrent pregnancy loss (RPL)

Recurrent pregnancy loss may be defined as three or more consecutive spontane-
ous pregnancy losses occurring before the 20th week of gestation irrespective of 
previous live births [17]. Known causes include anatomical abnormalities, genetic 
causes, endocrine derangements, environmental factors, and immunological diseases. 
However, despite a thorough evaluation of the patients, the cause remains unknown 
in upto 50% of patients. Defects in the leptin signalling pathway have been evaluated 
as one of the possible causes of idiopathic RPL. Studies have demonstrated raised 
serum leptin concentrations in women with RPL as compared to controls. In contrast, 
reduced leptin levels were also observed in women having first trimester abortions. A 
recent study revealed similar leptin concentration in RPL cases and controls [50–53].

In conclusion, data linking recurrent pregnancy loss with leptin is largely incon-
clusive, though there is significant evidence suggesting positive association of hyper-
leptinemia with RPL.

9. Conclusion

It may be concluded that leptin is the cross-talk molecule linking human repro-
duction and nutrition. More than 25 years after its discovery, leptin is now known 
to mediate a paraphernalia of functions relating to the reproductive capacity. Leptin 
exerts its actions in several ways at multiple levels of the pathway of reproduc-
tion including the hypothalamus, ovary, and the placenta. It plays a crucial role in 
essential processes in the establishment of a normal pregnancy such as trophoblastic 
invasion, placentation, and transfer of nutrients to the developing embryo. The 
pathological significance of leptin in human reproduction may be elucidated by the 
fact that deregulation of leptin levels is responsible for the genesis of a wide variety 
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of disorders associated with pregnancy and reproduction including GDM, FGR, PE, 
PCOS, RPL and infertility. Recombinant leptin therapies and leptin sensitisers should 
be the ground for further research to address the devastating effects of abnormal 
leptin levels and leptin resistance on human reproduction.
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Abstract

Obesity is an excessive accumulation of fat in the body associated with  
numerous complications such as development of hypertension, type 2 diabetes 
(T2DM), dyslipidemia, sleep apnea, and respiratory disorders; and ultimately 
life-threatening cardiovascular disease (CVD), stroke, certain types of cancer and 
osteoarthritis. In 2016, more than 1.9 billion adults aged 18 years and older were 
overweight. Of these, over 650 million adults were obese, that is over 39% of men 
and 40% of women were overweight. Rapid rise in obesity cases in both developed 
and developing countries and people suffering from it needs rapid and complete cure 
form it without any side effects. Herbal medicine has been used for the treatment 
of disease for more than 2000 years, and it has proven efficacy. Many studies have 
confirmed that herbal medicines are effective in the treatment of obesity. Various 
plants from different families and several phytochemical constituents are responsible 
for the anti-obesity activity such as fenugreek cinnamon, cardamom, ginger, etc. 
Present work mainly cover herbal species having leptin-stimulating potential for 
weight management, importance of leptin, its mechanism of action, current and 
herbal treatment for effective weight management.

Keywords: obesity, diabetes, leptin, appetite, herbal treatment etc.

1. Introduction

In 2016, more than 1.9 billion adults aged 18 years and older were overweight. Of 
these over 650 million adults were obese i.e. 39% of adults and over (39% of men and 
40% of women) were overweight. Overall, about 13% of the world’s adult population 
(11% of men and 15% of women) were obese in 2016. Obesity is quantities in terms 
of Body Mass Index (BMI), which is defined as the ratio of the weight and the square 
of height and is a measure of body adiposity [1]. The incidence and prevalence of 
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obesity, are rising both in developed and developing countries. Although globaliza-
tion has resulted in substantial improvements in quality of life and food security, as 
well as reductions in poverty, unintended consequences of globalization are also driv-
ing the obesity epidemic. Among the multiple factors contributing to its etiology, the 
sedentary life styles, white collar jobs, lack of exercise, psychological factors, excess 
consumption of junk food and the consumption of energy rich diets are the major 
ones. Obesity is excessive accumulation of fat in the body associated with numer-
ous complications such as development of hypertension, type 2 diabetes (T2DM), 
dyslipidemia, sleep apnea, and respiratory disorders; and ultimately life-threatening 
cardiovascular disease (CVD), stroke, certain types of cancer and osteoarthritis. 
Currently there is rapid rise in obesity and related severe diseases mainly due to 
drastic changes in lifestyle, living standard and modern diet. However rapid urban-
ization, economic revolution and free trade liberty are main reasons behind this. 
Nowadays in low and middle income nations there is drastic change in nutritional 
values mainly due to getting proteins and fats obtained from animals, added sugars 
and refined grains. Due to obscure etiology, the pharmacological treatment of obesity 
has been a particularly challenging task. Reducing body weight by lifestyle alteration 
is advisable, but sometimes drug intervention is necessary. Combating obesity is 
going to requires coordinated efforts from the international community, govern-
ments, industry, health-care systems, schools, urban planners, agriculture and service 
sectors, the media, communities and individuals. Further, the cause of concern is the 
non-availability of drugs for its treatment and the short-term efficacy and limiting 
side effects of the available drugs. Drugs used for obesity management are mainly 
classified in to metabolic promoters, digestion and absorption blockers, central appe-
tite suppressants and obesity gene product inhibitors. However drugs used for obesity 
management specifically affects monoamine neurotransmitters leads to habit form-
ing, dependence or abuse [2]. Anti-obesity drugs have been studied profoundly for 
decades. The need for adjunctive therapies for weight loss has accelerated the progress 
in the pharmaceutical industry worldwide. Weight loss drugs may appear to be a 
solution to obesity. However, possible side effects or adverse drug reactions are always 
a big public health concern and also a major barrier to the development of new drug 
products. Obesity, which is broadly refers to excess body fat, and ranked as the fifth 
foremost reason for death globally. Overweight and obesity are major lifestyle illness 
that leads to wide variety of chronic diseases, which may include cancers, metabolic 
syndrome, diabetes, cardiovascular diseases, osteoarthritis, gout, breathing problems 
etc. The World Health Organization predicted about 30% of death occurring in whole 

Weight status Body mass index in kg/m2

Under-weight <18.5

Normal range 18.5–24.9

Over-weight 25.0–29.9

Obese ≥ 30

Obese class-I 30.0–34.9

Obese class-II 35.0–39.9

Obese class-III ≥40

Table 1. 
Classification of weight based on body mass index.
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world will be initiated with lifestyle disease in 2030 and can be stopped by appropri-
ate identification and conveying associated risk factors. It is therefore essential to 
detect and diagnose obesity as early as possible [3]. Worldwide more than 1.9 billon 
adults are overweight and 650 million are obese. Approximately 2.8 million deaths 
are reported as a result of being overweight and obesity. This is major health related 
problem in both developed and developing countries. In India more than 135 million 
individuals were affected by obesity. The study of total body fat accurately requires 
sophisticated technology. The World Health Organization (WHO) have acquire body 
mass index, which is calculated by dividing the body weight in kilograms (kg) by the 
square of the height in meters (m), as a surrogate measure of total body fat (Table 1). 
With this index, obesity is defined when the value is equal to or more than 30 Kg/m2 
[4]. Formula: BMI = Weight/Height2.

2. Leptin

The discovery of leptin 15 years ago generated great excitement that the treatment 
for obesity had been found, and thus, this prototypical adipocyte-secreted protein/
cytokine was named leptin after the Greek word “leptos” for thin. Leptin is a group 
of 167 amino acids in human leptin gene mainly made up of adipose tissue and 
enterocytes which mainly regulate energy balance by inhibiting hunger. It is released 
by white adipose tissue and leptin level is key indicator of body fat. As like other 
hormones leptin is secreted at regular temporal pattern i.e. highest secretion in early 
morning and evening. Leptin mainly is an indicator of how much energy stored in fats 
and caloric intake [5].

2.1 Types of leptin receptors

1. There are mainly three types of leptin receptor i.e. the OBRa, OBRb, and OBRb 
with formulation (OBRb-fa), by measurement of the levels of tyrosine phos-
phorylation of STAT3 (signal transducers and activators of transcription 3) and 
MAPK (mitogen-activated protein kinase).

2. This receptors are induced by leptin stimulation of CHO cells stably expressing 
the OBR (CHO-OBRb, CHO-OBRa, or CHO-OBRb-facells).

3. As the result of leptin stimulation, enhanced levels of tyrosine phosphorylation 
of STAT3 [6].

2.2 Mechanism of action of leptin

Leptin (Greek word leptos– thin) also known as “Ob gene” that is located on 
chromosome number 7. Main role of leptin is to achieve an energy balance in the body. 
Leptin binds to receptors in brain and performs several actions that may prove that 
leptin is important in treating obesity.

It works through two distinct types of neurons in arcuate nucleus of 
hypothalamus.

1. POMC/CART (Pro-opiomelanocortin/cocaine and amphetamine regulated 
transcripts) neurons
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2. NPY/AgRP (Neuropeptide Y/Agouti—related peptide) neurons

Leptin stimulates POMC/CART neurons to produce anorexigenic neuropeptide: 
melanocytes stimulating hormone that results in

1. Endocrine changes

2. Increase sympathetic nerve activity

This stimulates energy expenditure.

Leptin inhibits NPY/AgRP neurons that produce feeding—inducing (orexigenic) neuropep-
tide: NPY that results in inhibition of food intake.
The binding of leptin to its receptor initiates numerous signal transduction path-

ways and as result, regulates a range of cellular function in body (Figure 1). leptin 
receptor as a member of type 1 cytokine receptor family, signals via Janus kinase 
family of tyrosine kinase. Leptin induced dimerization alters the intracellular domain 
confirmation to increase its affinity for cystolic JAK. After this JAK activate and phos-
phorylate tyrosine residue, then it bind another free moving protein STAT. This also 
phosphorylate by JAK. Pairs of phosphorylated STAT dimerize and translocate to the 
nucleus to regulate gene transcription resulting in a biological response of leptin [7, 8].

3. Pathophysiology

Three parts.

1. Peripheral afferent system (PAS)

2. Control processing.

3. Peripheral efferent system (PES)

Through PAS

Figure 1. 
Mechanism of action of leptin.
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3.1 Peripheral appetite suppressing signal

A. It act through secrete leptin and adiponectin.

In obese person the level of adiponectin is low and it involve in thermogenesis.

B. GUT hormone secretes insulin, amylin and glucagon like peptide.

3.2 Peripheral appetite stimulating signal

A. It acts through Gut hormone secrete ghrelin, obestatin. Anorexigenic via ObRb 
receptor expressed in brain and peripheral tissue which is binding in the hypothala-
mus, leptin activates a complex neural circuit comprising of anorexigenic (that is 
appetite suppressing) and orexigenic (that is appetite stimulating) neuropeptide to 
control food intake. Loss of melanocortin 4 receptor (MC4R) function, a key MCR 
expressed in the hypothalamus, is the most common genetic cause of obesity in 
humans [9].

3.3 Through PES

Though PES the regulation is controlled by negative feedback mechanism. 
Though food intake and energy expenditure. Change in appetite or drastic reduction 
in hunger mainly due to not only activation neuron via binding to the melanocortin 
receptor (MCR) by leptin which acts on proopiomelanocortin (POMC) leads to 
release of melanocyte stimulating hormone (α-MSH) in to synapse but also inhibition 
of neuropeptide-Y (NPY)/agouti related peptides (AgRP) synthesis in neurons which 
negatively affects agonistic potential of AgRP on MCR resulting in to suppression of 
appetite (Figure 2) [10].

Figure 2. 
Regulation of appetite by leptin acting on the nucleus arcuatus of the hypothalamus. Proopiomelanocortin 
(POMC), neuropeptide Y (NPY), Agouti-related protein (AgRP), melanocortin receptor (MCR), gamma amino 
butyric acid (GABA).
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4. Current treatment for obesity management and its effects

Anti-obesity drugs have been studied profoundly for decades [11–13]. The need for 
adjunctive therapies for weight loss has accelerated the progress in the pharmaceuti-
cal industry worldwide. Weight loss drugs may appear to be a solution to obesity. 
However, possible side effects or adverse drug reactions are always a big public health 
concern and also a major barrier to the development of new drug products. Some of 
the antiobesity drugs commercially available are orlistat, lorcaserin, sibutramine, 
rimonabant, metformin, exenatide, pramlintide etc. These drugs have a wide variety 
of severe side-effects including development of cardiovascular problems, restlessness, 
insomnia, faulty bowel movements, pain in stomach, psychiatric problems etc. Ideally 
anti-obesity agent would be such as to produce weight loss which can be retained, but 
with minimal side effects. Medication for short term weight management or selected 
medications used off label to promote weight loss mentioned in (Table 2) and 
Medication for long term weight management are listed in (Table 3).

Drugs mechanism Effect on weight Adverse effects status

Orlistat Pancreatic lipase 
inhibitor

2.9 kg placebo 
subtracted weight 
loss at 1 year

Abdominal pain, bloating, 
flatulence, oily stools, 
diarrhea, decrease 
absorption of fat soluble 
vitamins

Approved drug for 
long term weight 
management

Liraglutide GLP-1 analogues 7.2 kg Placebo: 
2.8 kg

Nausea, and thyroid C-cell 
focal hyperplasia and 
medullary thyroid tumor

Approved for 
treatment of 
obesity

Tesofensine Anti-convulsant agent 11.2 kg Placebo: 
2 kg

Nausea, dry mouth, 
headache, insomnia, 
diarrhea and constipation

Phase 3

Drugs Mechanism Effect on weight Adverse effect Status

Phentermine Sympathomimetic 
amine (appetite 
suppressant)

3.6 kg placebo 
subtracted weight 
loss in studies ranging 
from 2 to 24 weeks

Insomnia, tremor, 
increase BP and 
pulse rate, headache, 
palpitation, constipation.

Diffusion 
controlled release 
preparation is 
available

Diethylpropion Sympathomimetic 
amine (appetite 
suppressant)

3.0 kg placebo 
subtracted weight loss 
at 6–52 weeks

Insomnia, tremor, 
increase BP and 
pulse rate, headache, 
palpitation, constipation.

Currently 
approved drug 
for short term

Zonisamide Anti-convulsant 
drug

5.0% placebo 
subtracted weight loss 
at 12 weeks

Increase nervousness, 
sweating, tremors, 
gastrointestinal adverse 
effects, hypersomnia, 
fatigue and insomnia

Used off—label

Topiramate Anti- convulsant 
drug

6.5% placebo 
subtracted weight loss 
at 24 weeks

Paresthesia, dizziness, 
altered taste, fatigue, 
memory impairment, 
somnolence, anorexia 
and abdominal pain

Used off—label

Table 2. 
Medication for short term weight management or selected medications used off label to promote weight loss.
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5. Herbal treatment

Herbal medicine has been used for treatment of disease for more than 2000 years, 
and it has proven efficacy [4, 5, 15–17]. Many studies have confirmed that herbal 
medicine is effective in the treatment of obesity, but the mechanisms are not clear. In 
present work an attempt will be done to develop herbal formulation containing differ-
ent types of spices. It is a doubtless fact that various plants from different families and 
several phytochemical constituents are responsible for the anti-obesity activity. Current 
treatment of obesity includes various marketed formulations which have hazardous 
side effects such as high blood pressure, agitation, diarrhea, sleeplessness, liver damage, 
rectal bleeding, faster rate palpitations, closed-angle glaucoma, Insomnia etc. which can 
be overcome by using herbal formulation. Herbal medicine has been used for treatment 
of disease for more than 2000 years, and it has proven efficacy. Many studies have con-
firmed that herbal medicine is effective in the treatment of obesity. But the mechanisms 
are not clear. In present work an attempt will be done to develop herbal formulation 
containing different types of spices. It is a doubtless fact that various plants from differ-
ent families and several phytochemical constituents are responsible for the anti-obesity 
activity4 Natural herbs gives not only anti-obesity effect but also other health benefits, 
such as anti-diabetic and anti-hyperlipidemic activities. It is anticipated that the 
availability of many natural sources will provide a beneficial basis for developing novel 
anti-obesity products. Nature is loaded with dozens of herbs and spices—from the very 
common black pepper to the exotic turmeric. Along with amazing health benefits they 
have to offer, herbs and spices also add flavor and aroma to our food and dishes.

Drugs mechanism Effect on weight Adverse effects status

Cetilistat Anti-convulsant agent 4.3 kg Placebo: 
2.8 kg

Abdominal pain, fecal 
urgency and diarrhea

Phase 3

Phentermine-
topiramate

Unknown Verage placebo-
subtracted weight 
loss 8.6%

Combination 
sympathomimetic and 
carbonic anhydrase 
inhibitor / Decreases 
appetite and binge eating 
behaviors

Approved in 2012

Bupropion/
Naltrexone

Naltrexone is opiate 
antagonists, and 
bupropion is an 
antidepressant

7.2–10.1% 
(24 weeks)

Nausea, dizziness, 
insomnia, dry mouth, bowel 
changes

Approved in 2014

Gelesis100 Superabsorbent 
hydrogel particles of 
a cellulose-citric acid 
matrix / Increases 
fullness.

6.4% in 6 months No significant Risk 
designation

Approved in 2019

Setmelanotide 
(Imcivree)

Melanocortin 4 
receptor agonist

weight loss 
12.5–25.6%

Melanocortin-4-receptor 
agonist / Decreases appetite

Approved in 2020

Semaglutide 
(Wegovy)

Glucagon Like 
Peptide-1 receptor 
agonist

weight loss 8% Nausea, diarrhea, vomiting, 
Constipation, abdominal 
(stomach) pain, headache, 
fatigue.

Approved in 2021

Table 3. 
Drugs/medical devices long term weight management [12–14].
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Research has also shown that herbs and spices have the potential to boost metabo-
lism, promote satiety (read: contentment), aid weight management and improve the 
overall quality of diet. Very few researchers focus on exact molecular level mechanism 
responsible for anti- obesity activity. Therefore, the growing threat of obesity to 
global health is encouraging scientists and researchers to put more effort into find-
ing an efficient mechanism of action at molecular level. It is anticipated that there is 
abundant room for further contributions by researchers to establish the molecular 
mechanism of new natural anti-obesity agents. Urgency of a novel, nontoxic means 
needs to be developed to control obesity. Various plant products have been found to be 
effective in controlling obesity. A good portion of fruits, vegetables, spices and herbs 
need to be included in the regular diet. Plant derived molecules or phytochemicals 
are blessed with strong anti-obesogenic, anti-carcinogenic and anti-inflammatory 
properties. Thus they may serve as a nontoxic and cost-effective method to tackle 
obesity. These molecules target various pathways that are intricately linked to the 
process of adipogenesis. This review aims to elucidate the beneficial role of dietary 
food nutrients in control of obesogenicity. Following are the herbs which stimulate 
leptin in obesity management.

5.1 Cinnamon

Cinnamomum-verum (cinnamaldehyde)
Cinnamon is most widely used and popular weight loss herbs due to its sugar stabi-

lizing potential which rapidly increase rate of metabolism of fats and rapidly reduces 
hunger pangs which has excellent for obesity management.

5.2 Ginger

Zingiber officinale (6-gingerol)
Ginger acts as a potential body cleanser which remove the food logged in the 

digestive system and avoid fat storage resulting in to weight loss and obesity 
management.

5.3 Cardamom

Elettaria cardamomum (I,8-cineole)
Cardamom boosts metabolism and helps the body burn fat more effectively and 

Managing conditions like indigestion, constipation, and water retention, elaichi 
makes for an important weight loss. Cardamom improves rate of metabolism which 
results in to increasing potential of our body to burn fat which ultimately helpful for 
weight management.

5.4 Turmeric

Curcuma longa (Curcumin)
Curcumin is safest yellow orange colored material obtained from turmeric having 

potential role in increase in rate of metabolism, stimulate leptin and adiponectin. 
Curcumin drastically reduces rate of fat formation and accumulation which ulti-
mately lower total body fat which avoids weight gain.
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5.5 Acai berry

Euterpe oleracea containing phenolic acids such as vanillic acid has important role 
in obesity management. It avoids excessive storage of fat in body and also prevents 
obesity-induced hepatic steatosis regulating lipid metabolism by increasing choles-
terol excretion which is helpful for maintaining weight in control.

5.6 Nettle leaf

Urticadioica (Acetylcholine)
It has tremendous fat burning potential which helpful in maintaining the weight 

also nettle leaf contains vitamins like C and A which provide nutritional powers along 
with bold purifying property of nettle leaf.

5.7 Guarana

Paulliniacupana (Caffein)
Guarana improves rate of metabolism which directly results in to obesity control 

also it suppress genes that aid fat cell production and promote genes that slow it 
down. Caffein mainly acts on central nervous system prevent overeating due to ten-
sion and emotions.

5.8 Cayenne pepper

Capsicum annuum (Capsaicin)
This spice includes a compound called as capsaicin which helps to burn fat 

and suppresses your hunger cravings. According to a research done by Prudue 
University—cayenne is effective in weight loss, because it increases body’s metabolism 
activity which causes the body to burn more calories.

5.9 Cumin

Cuminum cyminum (Cumin aldehyde, phellandrene)
Cumin play a vital role in fat burning as it rapidly increases rate of burning calories 

by increasing rate of metabolism and prominent improvement in rate and extent of 
digestion. It has also play vital role in boosting immune system.

5.10 Ginseng

Panax ginseng (Ginseng saponin)
Ginseng mainly acts on leptin, insulin and adiponectin which mainly enhance rate 

metabolism of fats and cholesterol. Ginseng not only play important role in obesity 
management by acting on angiogenesis but also enhance energy level speed up rate 
and extent of metabolism.

5.11 Black pepper

Piper nigrum (Piperine)
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Piperine is the main bioactive compound that mainly responsible for obesity man-
agement. Piperine significantly increases rate of metabolism and burn fat at faster 
rate mainly due to it improves mRNA expression associated with adipose tissue which 
is associated with lipogenesis resulting in to improvement in lipid metabolism related 
to genes specifically in visceral fat.

5.12 Dandelions

Taraxacum (chicoric acid, chlorogenic acid)
Dandelions primarily reduces total cholesterol level and level of fat in liver which 

is significant in treating obesity related disorders. It also improve rate of digestion and 
extent of metabolic activities.

5.13 Flax seeds

Linum usitatissimum (Omega 3 fatty acid)
Flaxseeds acts as a bulking agent and gives you a feeling of fullness. Thus, they 

prevent you from overeating and help you to lose weight.

5.14 Guar gum

Cyamopsis tetragonoloba (Sugars of galactose and maltose)
Guar gum helps in managing diabetes and aids weight loss. It helps to improve the 

digestion process and gives you a feeling of fullness.

5.15 Garcinia

Garcinia gummi-gutta (Ethyl acetate & hexane moiety)
This fruit promotes appetite suppression and prevents production and deposition 

of fat. Choose whole food rather than other variants.

5.16 Mustard

Brassica nigra (carotenoids (zeaxanthin, lutein, β-carotene))
Mustard is a very good weight loss herb, as it helps to fasten body’s metabolic activity.

5.17 Cocos nucifera (caprylic acid)

Coconut oil helps to increase your metabolic speed, which further aids in releasing 
energy and promoting weight loss.

5.18 Fennel seeds

Foeniculum vulgare (anethole.)
These tiny seeds aid in digestion and help to regulate your hunger. Besides, it also 

helps in cleansing your liver.

5.19 Psyllium

Plantago ovate (hemicellulose, arabinoxylans)
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This is a very safe weight loss agent. These seeds make you feel fuller for a longer 
time and slow down the absorption of simple carbs.

5.20 Hibiscus

Hibiscus rosa-sinensis (anthraquinones)
Hibiscus is loaded with various obesity fighting agents like chromium, ascorbic 

acid and hydroxycitric acid (HCA).

6. Conclusion

Nowadays there is drastic rise in Incidences and prevalence of obesity in both 
developed and developing countries and people suffering from it need rapid and 
complete cure form it without any side effects. Herbal treatment stimulating leptin 
acts as competent alternative to current treatment without any side effects using 
resources form natural origin.
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The Multiple Consequences of 
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Abstract

Increase in body weight due to excess accumulation of fat can lead to obesity, a 
chronic, progressive, relapsing, multifactorial, neurobehavioral disease caused by 
adipose tissue dysfunction. Obesity often results in adverse biomechanical, meta-
bolic, psychosocial, and economic consequences. In humans, effects of obesity are 
diverse and interrelated and can be classified on the basis of organ/organ system 
affected. Physical problems associated with weight gain are musculoskeletal prob-
lems, respiratory problems, lower limb venous diseases, skin-related problems, and 
stress incontinence in females. Metabolic conditions caused by obesity include gout, 
insulin resistance and metabolic syndrome, type 2 diabetes mellitus, certain cancers, 
CVD, fatty liver, gall bladder disease, etc. Obesity is known to affect the reproductive 
health. Hypogonadism and pseudo-gynecomastia are more common in males with 
obesity. Decreased fertility is reported in both the sexes. Polycystic ovarian syndrome 
(PCOS), anovulation, endometrial hyperplasia, and increased risk of complications 
in pregnancy have been reported in females. Persons with obesity have increased 
healthcare expense, pay more insurance premium, take more illness-related leaves, 
thus suffering economic loss due to their condition. Persons with obesity are often 
considered legitimate targets for teasing and bullying, which may cause social isola-
tion, depression, eating disorders, etc. Obesity affects the morbidity and mortality. 
This chapter deals with the different consequences of obesity.

Keywords: obesity, metabolic syndrome, insulin resistance, type 2 diabetes mellitus, 
obesity-related health

1. Introduction

Living organisms are constitutionally wired to store energy for survival in periods 
of scarcity. Eel and salmon are reported to survive long periods without food [1–3]. 
The excess intake of calories leads to energy accumulation in the form of fat, glyco-
gen, or starch. Plants store energy reserves as starch and oil. We were unable to find 
reports of adverse consequences of excess energy storage in plants and lower organ-
isms. The stored energy helps the organism to tide over periods of calorie scarcity 
and during hibernation, aestivation, or migration in animals. In higher organisms, 
deposition of excess calories results in impairment of body functions with adverse 
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Type of problems Examples of associated conditions

Physical problems 1. Musculoskeletal disorders

a. Decreased mobility

b. Loss of balance

c. Osteoarthritis

d. Gout

2. Respiratory problems

a. Decreased lung compliance

b. Increased risk of asthma

c. Sleep apnea

3. Lower limb venous disease

a. Thrombosis

b. Varicose veins

c. Venous insufficiency

4. Skin-related problems

5. Stress incontinence in females

Metabolic disorders 1. Hyperglycemia

2. Dyslipidemia

3. Gout
Hyperglycemia increases risk of skin infections, eye diseases, and kidney diseases.
Both hyperglycemia and dyslipidemia cause insulin resistances, leading to increased 
risk of type 2 diabetes, cardiovascular disease, stroke, and cancers.

Gut-associated 
diseases

1. Cholelithiasis

2. Pancreatitis

3. Fatty liver

4. Gastroesophageal reflux disease

Reproductive 
Health Issues

A. Males
1. Hypogonadism

2. Gynecomastia

3. Decreased fertility

B. Females

1. Polycystic Ovarian Syndrome (PCOS)

2. Anovulation

3. Endometrial hyperplasia

C. Increased risk of complications in pregnancy

1. Gestational diabetes

2. Preeclampsia

3. Cesarian section

Economic issues 1. Increased expense on obesity-related diseases

2. Decreased pay

3. Decreased job opportunity
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effects on health and longevity. Obesity with adverse health effects has been reported 
in zebrafish [4], reptiles [5, 6], and birds [7].

Energy in humans is stored as glycogen or triacylglycerols (TAGs). Relative to the 
amount of calories that can be stored as triacylglycerols (TAGs), only a small amount of 
calories can be stored as glycogen. An adult liver can store up to 120 g glycogen, while 
the skeletal muscles can store up to 400 g glycogen. Triacylglycerols are hydrophobic 
energy-dense molecules that can be stored in large amounts in the adipocytes. Adipose 
tissue is the loose collection of adipocytes in a mesh of collagen fibers, deposited at 
various sites in the body. Preadipocytes, fibroblasts, vascular endothelial cells, adipose 
tissue macrophages, and small blood vessels are also present in the adipose tissue.

Increased mass of adipose tissue, abnormal site of deposition, or abnormal size of 
adipocytes can result in adverse consequences on health and quality of life (Table 1).

2. Physical problems associated with obesity

These result from the abnormally high weight of the affected person and are 
closely related to each other and to the other consequences of obesity including 
metabolic dysfunction and insulin resistance. For convenience, we have classified 
them into musculoskeletal disorders, skin-related problems, respiratory problems, 
lower-limb venous diseases, and urinary incontinence.

2.1 Musculoskeletal disorders

These include decreased mobility, loss of balance, and osteoarthritis, which are 
associated with abnormal increase in body weight (Figure 1).

2.1.1 Decreased functional mobility

Obesity is one of the major causes for the loss of functional mobility. Altered pos-
ture and gait resulting from abnormal fat deposition, compromised bone strength, 
pain, and breathlessness compromise the mobility [8], which must be taken into 
account by treating physicians advising increased physical activity for weight loss. 
Decreased mobility results in further increase in weight.

2.1.2 Loss of balance

Increased weight, decreased mobility, and altered posture result in loss of balance, 
increasing the risk of falls and injury [9]. In spite of the cushioning effect of the fat 

Mental and social 
issues

1. Social stigma

2. Bullying

3. Binge eating

4. Depression

Quality of life and 
mortality

1. Increased risk of morbidity, mortality decreased quality of life

Table 1. 
Multiple consequences of obesity.
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mass, falls in patients with obesity are more serious and require higher treatment 
costs and specialized care [10].

2.1.3 Osteoarthritis (OA)

Progressive loss of articular cartilage and formation of osteophytes (bony spurs 
usually caused by local inflammation) result in osteoarthritis [11]. Obesity is a 
risk factor for OA of knee, hands, and wrist (but not of hip) [12]; thus excessive 
body weight alone cannot fully explain the increased incidence of OA in people 
with obesity. Increased body mass index (BMI) in obesity results in altered gait 
and increased strain on the knee, causing biomechanical joint loading [13]. This 
is associated with increased expression of matrix metalloproteinases in chon-
drocytes and increased degradation of proteoglycans [14]. Synthesis of DNA, 
proteoglycans, and collagen is decreased, contributing to the loss of cartilage in 
joints [14]. Chondrocytes subjected to high loading show increased expression of 
pro-inflammatory cytokines including TNF-α and IL-1(β), along with an increased 
expression of cyclooxygenase-2 leading to increased PGE2 (responsible for inflam-
matory pain) synthesis [15].

Increase in the amount of adipose tissue leads to metabolic dysfunction: obesity-
related sarcopenia, deposition of intramuscular lipid, and chronic low-grade systemic 
inflammation, all of which contribute to osteoarthritis [16].

2.1.4 Gout

Insulin resistance, often seen in patients with obesity, causes decreased excretion 
of uric acid, leading to hyperuricemia [17, 18]. Adipose tissue is known to express 
all the components of renin-angiotensin system (RAS), including angiotensinogen 
[19]. The resulting hypertension may cause glomerular arteriolar damage and 
reduce uric acid excretion. Hyperuricemia and gout have been associated with 
osteoarthritis [20, 21].

Figure 1. 
Association of obesity with musculoskeletal disorders.
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2.2 Respiratory problems

Obesity is associated with various respiratory problems that are correlated with 
each other (Figure 2).

2.2.1 Reduced compliance of lungs

Increased fat deposition in the mediastinum and abdominal cavity increases 
intra-abdominal and pleural pressure, thus reducing compliance of the lungs. Altered 
breathing pattern, with decrease in expiratory reserve volume (ERV), functional 
reserve capacity (FRC), and tidal volume (TV), with slight increase in mean respira-
tory rate have been reported in subjects with obesity [22, 23], Obesity has little effect 
on the residual volume (RV) and total lung capacity (TLC) [24].

2.2.2 Obesity and asthma

The relationship between obesity and asthma has been established by a meta-analysis 
involving more than 300,000 adults [25]. The expression of adipokines secreted by 
adipose tissue is different in persons with obesity. Decreased expression of adiponectin 
(anti-inflammatory adipokine) and increased expression of leptin (pro-inflammatory 
adipokine) have been reported in asthmatic patients with obesity [26]. Leptin, an 
anorexigenic hormone, increases metabolic rate and is involved in surfactant production 
and neonatal lung development [27]. Sood et al. [28] have reported a strong association 
between high BMI and high levels of serum leptin with asthma in adults.

Inflammatory cytokines such as TNF-α, IL-8, and monocyte chemoattractant protein-1 
(MCP-1) have also been reported to be raised in persons with obesity. However, their role 
in asthma associated with obesity is not clear [29]. In older patients, abdominal obesity and 
metabolic syndrome have been reported to be associated with restrictive lung disease [30].

2.2.3 Obstructive sleep apnea (OSA)

The prevalence of obstructive sleep apnea in adult persons with obesity is about 
45%, compared with 25% in persons with normal weight [31]. Increased fat deposit 

Figure 2. 
Association of obesity with respiratory disorders.
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in tissues surrounding the upper airway decreases the size of lumen and increases 
collapsibility of the upper airway. OSA may cause sleep fragmentation, which may 
lead to sleep deprivation [32]. Since experimental sleep deprivation and self-reported 
short sleep have been linked with metabolic dysregulation, it is possible that OSA may 
also be a contributing factor in metabolic dysregulation associated with obesity.

2.3 Lower limb venous diseases

Venous diseases (blood clots, deep vein thrombosis, superficial venous thrombosis 
or phlebitis, chronic venous insufficiency or CVI, varicose and spider veins, and 
venous stasis ulcers) may be caused by one or more of the following factors: immobil-
ity (as in bed-ridden patients) leading to stagnation of blood), blood vessel injury 
caused by trauma/needles/intravenous catheters/infections, central venous hyper-
tension, conditions that increase the blood coagulation, and pregnancy. Different 
cancers are associated with deep vein thrombosis.

Varicose veins and chronic venous insufficiency are more common in aged women 
compared with men. Obesity has been found to be associated with all types of lower 
limb venous diseases (Figure 3). Willenberg et al. [33] showed that lower limb venous 
flow parameters are different in healthy persons with and without obesity. Various 

Figure 3. 
Obesity as a cause of lower limb venous diseases.
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epidemiological studies show that obesity is associated with chronic venous disease, 
phlebitis, and thromboembolism [34–37]. Untreated CVI results in increased pressure 
and swelling leading to rupture of capillaries. The skin may appear reddish-brown and 
becomes sensitive to bumps and scratches. Burst capillaries may lead to inflammation 
and even ulcers.

Increased intra-abdominal pressure caused by central obesity is transmitted to the 
extremities via femoral veins leading to resistance to venous return, producing venous 
valvular insufficiency. The self-perpetuating cycle of worsening venous insufficiency 
causes venous stasis and distension of veins in the lower limb. Obesity produces a 
chronic low-grade inflammation, which damages the affected veins and increases the 
risk of thromboembolism [33].

2.4 Skin problems

Different problems of the integumentary system associated with obesity can be 
classified on the basis of their pathophysiologic origin (Figure 4). Skin lesions associated 
with mechanical causes include striae, lipodystrophy, plantar hyperkeratosis, and venous 
insufficiency. Acanthosis nigricans and skin tags or acrochordons are due to insulin resis-
tance. Obesity-related hyperandrogenism may cause acne, hirsutism, and androgenic 
alopecia. Skin folds created by obesity increase the risk of intertrigo and infections.

2.4.1 Mechanical causes of dermatologic manifestations associated with obesity

Striae or stretch marks are a type of scarring of the dermis associated with 
stretching of the dermis. Striae distensae may appear as a consequence of pregnancy, 
puberty, or obesity and appear on abdomen, breasts (in females), and shoulders (in 
body builders). They are more common in females [38]. Striae atrophicans due to 
thinning of the skin may appear in adrenal gland disorders [39].

Other dermatological conditions with mechanical causes include intertrigo, condi-
tions associated with chronic venous insufficiency, and lymphedema [40]. Intertrigo 

Figure 4. 
Dermatological manifestations associated with obesity.
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is an inflammation of skin resulting from friction between opposing skin surfaces of skin 
folds. It may have an infectious component. Axilla, groin, intergluteal, and inframam-
mary areas may be involved [41]. Hot, humid climates and obesity (BMI > 30 kg/m2)  
are known to promote intertrigo. Persons with obesity tend to sweat more.

Dermatologic sequelae of chronic venous insufficiency (discussed above) are often 
seen in patients with obesity and include pitting edema, varicose veins, telangiectasia, 
hyperpigmentation, venous stasis ulcers, and scaling of the skin (stasis dermatitis) [42].

Blocking or damage of the lymphatic system resulting in accumulation of lymph in 
soft tissues, especially legs or arms, is called lymphedema. Obesity is a risk factor for 
secondary lymphedema [40].

2.4.2 Obesity-related endocrine disorders of skin

These include skin tags, acanthosis nigricans, keratosis pilaris, hidradenitis sup-
purativa and hirsutism, and plantar hyperkeratosis.

a. Skin tags or acrochordons. Skin tags are soft cutaneous growths, usually benign, 
more commonly seen in persons with obesity, metabolic syndrome, type 2 diabetes, 
or in persons with family history of skin tags [43]. They occur in both males and 
females, usually later on in life, but are less common after the seventh decade. The 
polypoid lesions are skin-colored, brown, or red, 1–5 mm in size (rarely larger) with 
a loose edematous fibrovascular core, and may be attached to a fleshy stalk. They 
are more common in skin folds: axilla, groin, eyelids, and neck [44]. Although not 
painful, they can cause trouble by getting caught in clothing or jewelry, resulting 
in itching or bleeding. However, skin tags in large numbers may be seen in patients 
with Birt-Hogg-Dube (BHD) syndrome and tuberous sclerosis, where they appear 
around the neck: the molluscum pendulum necklace sign [45, 46].

b. Acanthosis nigricans (AN). Hyperpigmented velvety plaques usually in body folds, 
neck, knuckles, and scalp may be seen in patients with obesity. The condition was 
first reported more than an hundred years ago in the Atlas for Rare Skin Diseases. 
The term acanthosis nigricans was proposed by Paul Gerson Unna and published 
in 1891 in a case report by Sigmund Pollitzer [47]. Obesity-associated AN was 
previously called pseudo acanthosis nigricans; however, this term is incorrect. This 
is because the initial cases identified in Europe were associated with abdominal or 
pelvic malignancies. Association of AN with obesity was first reported by Robertson 
and Tasker in 1947 [48]. Like acrochordons, AN is also associated with insulin resist-
ance often seen in obesity. Probably, the hyperinsulinemia seen in insulin resistance 
leads to direct and indirect activation of the insulin-like growth factor receptor, 
triggering proliferation of the dermal fibroblast and epidermal keratinocyte [49]. 
Friction and perspiration may also be involved in the development of AN [50].

c. Keratosis pilaris (chicken skin) is a benign condition of the skin in which sterile 
papules occur on the skin (collections of dead skin cells). Though these papules 
may occur anywhere on the body (except palms and soles), they are more com-
mon on the posterior aspect of upper arms, anterior aspects of thighs, face, and 
buttocks [51].

d. Hidradenitis suppurativa or acne inversa is a chronic painful condition of the 
terminal follicular epithelium in the apocrine gland–bearing skin (groin, bottom, 
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axilla, breasts) [51]. It affects about 1% of the population and is strongly associ-
ated with smoking and obesity. It is also linked with hyperandrogenemia, as 
many patients have acne and hirsutism [52].

e. Hirsutism, acne vulgaris, and androgenic alopecia seen in some female patients with 
obesity (with or without polycystic ovarian syndrome, PCOS) are due to hyperan-
drogenemia, often associated with peripubertal obesity [51–54]. Increased insulin 
production (hyperinsulinemia) due to insulin resistance in obesity increases IGF-1 
levels and augments ovarian androgen production [55]. Hyperinsulinemia produces 
a decrease in serum level of steroid hormone binding globulin (SHBG), resulting 
in a further increase in the level of free testosterone. Treatments that reduce insulin 
levels usually correct hyperandrogenemia and ovulatory dysfunction [56].

f. Plantar hyperkeratosis (thickening of skin over metatarsophalangeal joints, 
caused due to increased pressure and mechanical stress placed on the feet) is seen 
in almost 50% patients with obesity [40]. Increased circulating levels of IGF-1 
seen in hyperinsulinemia lead to overactivation of IGF-1 receptors on fibroblasts 
and keratinocytes. The abnormal IGF-1 signaling causes cellular hyperprolifera-
tion (Figure 4).

2.4.3 Increased risk of skin infections

Obesity has been associated with an increased risk of skin, respiratory tract, and 
urinary tract infections [57]. An increased risk of community-acquired infections has 
been reported by Harpsoe et al. [58] in both overweight and underweight women. 
Obesity alters the function of skin, sebum, and sweat glands, affects the structure of 
collagen and subcutaneous fat, and slows wound healing. A number of skin infections 
that are more common in persons with obesity include candidiasis, candida folliculi-
tis, furunculosis, tinea cruris, and folliculitis. Cellulitis is less common [42].

2.4.4 Obesity-associated immune disorders affecting skin

Normal adipose tissue in a nonobese person has a population of anti-inflamma-
tory/regulatory immune cells: M2-macrophages and regulatory T cells. These are 
replaced by pro-inflammatory cells: M1 macrophages, Th1, Th17, and cytotoxic T cells 
in adipose tissue in persons with obesity [59]. Systemic immune adaptations in obesity 
include increased number of circulating monocytes, neutrophils, Th1, Th17, and Th22 
cells. The pro-inflammatory cytokines produced by pathogenic adipose tissue (IL-1β, 
IL-6, IL-17, and IFN-γ) result in a chronic low-grade inflammation. Skin conditions 
such as psoriasis, atopic dermatitis, and eczema are strongly associated with obesity 
[60]. Hashba et al. [61] have suggested the association of lichen planus with obesity.

2.5 Urinary incontinence (UI)

Urinary incontinence may be of different types: stress incontinence when preg-
nancy, childbirth, etc., weaken the muscles supporting and controlling bladder; urge 
incontinence caused by involuntary action of bladder muscles; and mixed inconti-
nence that shares the causes of both stress and urge incontinence. Thyroid problems, 
uncontrolled diabetes, and medicines such as diuretics can worsen the problem of UI. 
High BMI, especially BMI higher than 40 kg/m2, has been strongly associated with 
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stress predominant incontinence including mixed incontinence [62]. Central obesity 
increases the abdominal pressure, which increases the bladder pressure and urethral 
mobility, leading to UI. Chronic strain and stretching seen in pregnancy and abdomi-
nal obesity weaken the muscles and other structures of the pelvic floor. Surgical and 
non-surgical weight loss has been reported to decrease incontinence and improved 
quality of life.

3. Metabolic disorders associated with obesity

3.1 Organization of the adipose tissue

Adipose tissue is a loose connective tissue in which about half the cells are adipo-
cytes, the remaining is stromal vascular fraction containing preadipocytes, fibro-
blasts, endothelial cells, and macrophages [63]. The adipose tissue may be considered 
the largest endocrine gland in the body.

Based on the metabolic features of the adipocytes, adipose tissue (AT) can be white 
adipose tissue (WAT), which stores excess energy as fat, and brown adipose tissue 
(BAT), which dissipates stored energy as heat (Figure 5). Both WAT and BAT are pres-
ent in mammals and are formed throughout life. In humans, WAT development begins 
during early to mid-gestation period. WAT adipocytes contain a large single (unilocu-
lar) droplet of triacylglycerols occupying 90% of the cell volume, with the cytoplasm 
and the nucleus squeezed to the periphery. Adipocytes of BAT are smaller, multilocu-
lar, and contain mitochondria and uncoupling protein-1 (UCP-1), which is involved in 
non-shivering thermogenesis. The brown appearance of BAT is due to high vasculature 
and high mitochondrial content. It has a high density of noradrenergic parenchymal 
fibers. BAT is 5–10 times more vascularized than WAT. A third type of adipose tissue, 
the beige or brite (brown in white) adipose tissue with paucilocular adipocytes is dis-
persed in the WAT [64–66]. Browning of WAT has been suggested under the influence 

Figure 5. 
Types of adipose tissue.
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of the hormone irisin, which is produced by the skeletal muscle during exercise [67]. 
Adipocytes of WAT and beige adipose tissue are predominantly derived from the Myf 
5 negative progenitor cells, while adipocytes of BAT are predominantly from Myf 5 
positive progenitor cells. Myf 5 or myogenic factor 5 is a gene for transcriptional factor 
expressed during embryonic myogenesis [68]. Brown and beige AT show anatomical 
decline with aging and protect from obesity and type 2 diabetes mellitus (T2DM).

Based on the location of the white adipose tissue, it is broadly classified as sub-
cutaneous and visceral (Figure 5). The subcutaneous adipose tissue (SAT) stores 
excess energy, provides insulation from heat and cold, and functions as an endocrine 
organ. Visceral adipose tissue (VAT) provides a protective padding around organs. 
Specialized adipose tissue is associated with the bone marrow, breast, retroorbital 
adipose tissue, and epicardium [69]. In persons having the same BMI, females tend to 
have more adipose tissue than males. Females also have more subcutaneous adipose 
tissue (SAT) compared with males. Localized fat pads, e.g., the synovia are considered 
as SAT. The SAT of lower trunk and gluteal-thigh region is further organized in two 
separate layers: the superficial SAT, SSAT (evenly distributed around the circumfer-
ence of the abdomen), and the deep SAT, DSAT (most of which is located in the poste-
rior half of the abdomen). The SSAT and DSAT are separated by the fascia of Scarpa. 
SSAT has a higher expression of metabolic regulatory genes, while DSAT has a higher 
level of expression of inflammatory genes and higher lipolytic activity. Thus, higher 
volume of DSAT is associated with higher levels of free fatty acids [70].

3.2 Specialized adipose tissue

Bone marrow contains adipose tissue called the marrow adipose tissue (MAT), 
which increases in amount in periods of calorie restriction, in contrast to adipose 
tissue present at other sites in the body. Exercise results in decrease in the size of MAT, 
as well as of the adipocytes present in MAT. Adipocytes of MAT develop from the 
mesenchymal stem cells.

3.3 Diseases associated with adipose tissue

In some persons there is a variable lack of adipose tissue, which may be general-
ized or specific (abnormal distribution of adipose tissue). This condition is called 
lipodystrophy. Lack of sufficient adipose tissue results in increased levels of fatty 
acids in blood, as they cannot be stored as TGs in the adipocytes. Raised levels of fatty 
acids cause lipotoxicity, characterized by ectopic fat deposition in the muscle, liver, 
and pancreas, thus contributing to T2DM [71].

3.3.1 Development of insulin resistance

The mechanism of development of insulin resistance is complicated and is 
influenced by diverse factors, including the location and type of adipose tissue that 
increases in mass.

Depending on the location, WAT is further classified into different types 
(Figure 5) [72, 73]. Excess calorie intake leads to enlargement of adipocytes 
(hypertrophy) as well as increase in the number of adipocytes (hyperplasia) [74]. 
The new adipocytes may develop from preadipocytes or from adipocytes of BAT. 
Adipogenesis through differentiation of progenitor cells to adipocytes occurs 
through transcription factors such as peroxisome proliferator-activated receptor-γ 
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(PPAR-γ), and CCAAT/enhancer binding protein-α [75]. Increase in the size of 
the adipocytes is associated with insulin resistance and inflammation. Adipose 
hypertrophy seen in morbid adiposity results in heterogeneity of cell size within 
the same depot of adipose tissue, with cell size ranging from 20 microns to 300 
microns [76]. Usually, SAT contains more preadipocytes compared with VAT, so 
adipose hypertrophy is less in SAT [77]. Normal adipose tissue produces adipokines 
(leptin, adiponectin) that regulate appetite and energy metabolism and cytokines. 
Pro-inflammatory cytokines include TNF-α, visfatin, resistin, angiotensin II, serum 
amyloid alpha, plasminogen activator inhibitor, and IL-6, while anti-inflammatory 
cytokines include apelin, transforming growth factor beta (TGFβ), IL-10, IL-4, 
IL-13, and IL-1 receptor antagonist (IL-1Ra) [78]. Male hormones promote hyper-
trophy, while female hormones promote hyperplasia [79]. In lean adipose tissue, 
the adipose cells are 5–10% of all cells in the tissue; in obese adipose tissue, this 
number is as high as 60% [80]. Although the life span of adipocytes is about 8 years, 
increase in size beyond a critical cell size and nutrient excess produce endoplasmic 
reticulum stress, hypoxia, and death of adipocyte, attracting infiltration of mac-
rophages. This is more in VAT. Adipocyte remnants are absorbed by macrophages, 
which become activated. In lean adipose tissue, the adipose tissue macrophages 
(ATMs) are predominantly M2 (anti-inflammatory) type. Pathologic adipose has 
greater number of M1 ATMs, which are pro-inflammatory and produce cytokines 
in large amounts after absorbing dead adipocytes. This results in chronic low-grade 
inflammation and insulin resistance.

In some persons with obesity, excess calories are preferentially stored in SAT, 
which does not produce inflammation. This type of obesity is also called metabolically 
healthy obesity (MHO) [81]. In contrast, increase in VAT is associated with abnormal 
blood lipid profile, i.e., dyslipidemia, insulin resistance, metabolic syndrome, type 
2 diabetes, and hypertension. This type of obesity is called metabolically unhealthy 
obesity (MUHO) and is due to deposition of intraabdominal fat.

Hypertrophic stressed adipocytes are unable to take up free fatty acids, which 
are therefore diverted to other non-fat-storing organs such as muscle, liver, pan-
creas, and heart, where they are stored as ectopic fat. This results in impaired 
glucose uptake by muscle cells, decreased glucose utilization by liver and adipose 
causing hypertriglyceridemia, hyperglycemia, reduced amounts of HDL choles-
terol, increased amounts of LDL and VLDL cholesterol, increased proportion of 
small, dense LDL particles, and insulin resistance. Products of fatty acid metabo-
lism such as long-chain fatty acyl-Co A, diacyl glycerol (DAG), and ceramide are 
harmful to cells and aggravate insulin resistance by causing phosphorylation of the 
serine residues on the insulin receptor substrate (IRS) [82]. In skeletal muscle, lipid 
can be stored in adipocytes between muscle fibers, or as cytosolic triacylglycerols 
within the muscle cells (intramyocellular lipids, IMCLs). IMCLs are an adaptive 
response in endurance athletes and are present in close proximity to mitochondria. 
Increased IMCL stores in insulin resistance or T2DM is a consequence of raised free 
fatty acid levels in blood and impaired fatty acid oxidation in the muscle [83]. This 
may also be due to mitochondrial dysfunction.

Recent evidence suggests the role of leptin resistance and hyperleptinemia of 
obesity causes production of reactive oxygen species (ROS) and increases oxida-
tive stress, promoting the risk of hypertension, heart disease, and cancer [84–86]. 
Endoplasmic reticulum stress, protein tyrosine phosphatase 1B, and suppressor of 
cytokine 3 (SOC3) signaling mediate leptin resistance and are also involved in insulin 
resistance [87].
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3.3.2 Type 2 diabetes

Insulin resistance in the liver, adipose, and muscles coupled with ectopic fat in the 
pancreas contributes to hyperglycemia and T2DM. Deposition of ectopic fat in the 
pancreas is seen in almost two-thirds of patients with obesity. Most of this is due to 
adipocyte infiltration into pancreatic tissue rather than accumulation of intracellular 
lipid. Ectopic pancreatic fat is associated with an increased risk of T2DM and car-
diovascular disease (CVD). Increased lipolysis and inflammation caused by ectopic 
pancreatic fat are also reported to promote acute pancreatitis [88].

3.3.3 Fatty liver

Hepatic insulin resistance caused by DAG and ceramide promotes lipotoxicity, 
ectopic fat deposition, insulin resistance, and steatosis, leading to nonalcoholic fatty 
liver disease (NAFLD) [89].

3.3.4 Obesity and cardiovascular disease

Excess free fatty acids reaching the heart can be stored as epicardial adipose 
tissue (EAT), also called pericardial fat (present between the visceral and parietal 
pericardia), or surrounding the blood vessels (perivascular adipose tissue or PVAT). 
Although the cardiac muscle uses free fatty acids for obtaining energy, when 
delivered in excess these fatty acids are stored as ectopic fat in the cardiac myocyte, 
disrupting its function. Higher levels of LDL and VLDL receptors are expressed in 
the epicardial tissue from patients with T2DM. The PVAT produces adipokines and 
many molecules that affect vascular reactivity: monocyte chemotactic protein-1 
(MCP-1)], nitric oxide, prostacyclin, and angiotensin II. PVAT present around the 
thoracic aorta resembles BAT, while the PVAT around the abdominal aorta resembles 
WAT [90, 91]. Healthy PVAT is largely anti-inflammatory, while dysfunctional PVAT 
promotes atherosclerosis.

3.3.5 Obesity and cancer

Different types of cancers associated with obesity include breast, endometrial, 
prostrate, pancreatic, adenocarcinoma of esophagus, colon cancer, meningioma, and 
cancers of ovary, kidney, thyroid, liver, etc. [92–94]. Though different mechanisms 
have been proposed, chronic inflammation is a major factor for cancer initiation and 
progression. Excess nutrients activate metabolic signaling pathways such as c-Jun 
N-terminal kinase (JNK), nuclear factor κ B (NFκB), and protein kinase R that may 
promote development of neoplasm [95, 96]. Synthesis of IGF-1 is stimulated by 
insulin. IGF-1 promotes tumor growth via the PI3K/Akt/mTOR and the Ras/Raf/
MAPK pathways [96]. IL-6, a pro-inflammatory cytokine produced during adipose 
tissue inflammation, activates the androgen receptor and promotes cell survival and 
proliferation in prostate cancer [97]. Aromatase, the rate-limiting enzyme of estrogen 
synthesis, is also stimulated by inflammatory cytokines and PGE2 [98–101].

Risk of gallstones is increased in obesity. Chronic gall bladder inflammation 
from gallstones may predispose to cancer of the gall bladder [102]. Similarly, chronic 
inflammation of hepatitis may increase the risk of liver cancer [103].

Cancer survivorship, including cancer progression, prognosis, recurrence, 
and quality of life are reported to be worsened by obesity [104, 105]. Obesity is 
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associated with an increased risk of treatment-related lymphedema in breast cancer 
survivors and incontinence in prostate cancer survivors (treated with radial prosta-
tectomy) [106, 107]. Risk of local recurrence was higher in obese/overweight male 
patients with stage II or stage III renal cancer [108]. Similarly, obesity increases the 
risk of mortality in patients with multiple myeloma [109].

3.3.6 Eye diseases associated with obesity

Ocular manifestations of obesity are less known and not well documented. Its 
association with age-related cataract, glaucoma, age-related maculopathy, and dia-
betic retinopathy has been reported [110, 111]. Cortical and posterior subcapsular or 
PSC cataracts have been most consistently associated with obesity. Obesity-induced 
leptin resistance and hyperlipidemia promote formation of reactive oxygen species, 
which are involved in cataract formation. Other complications of obesity: insulin 
resistance, hyperglycemia, diabetes, diabetes, and hypertension (see above) are 
known to be risk factors for cataract.

Increased retroorbital adipose tissue seen in obesity has been reported to be 
associated with increased intraocular pressure (IOP) [112, 113]. Raised IOP may be a 
risk factor for glaucoma. The AREDS (Age-Related Eye Disease Study) Report [114] 
has reported an association between obesity and age-related macular degeneration. 
(AMD) Oxidative stress secondary to hyperleptinemia may cause damage to lipids 
in Bruch membrane and secretion of excessive vascular endothelial growth factor 
(VEGF), which elicit invasion of neovascularization in Bruch membrane in neovas-
cular AMD [115]. Inflammation may also play a role in AMD development. Diabetic 
retinopathy, a common complication of T2DM (which is associated with diabetes), 
can result in loss of vision [116]. Other diseases of the eye that may be associated with 
obesity include retinal vein occlusion, oculomotor nerve palsy, recurrent lower eyelid 
entropion, keratoconus, papilledema, floppy eyelid syndrome and benign intracranial 
hypertension (pseudotumor cerebri) [117–121].

4. Gut-associated diseases

Besides fatty liver and pancreatitis (discussed above), obesity is associated with 
increased risk of cholelithiasis (gall bladder stones) and gastroesophageal reflux 
disease (GERD).

4.1 Cholelithiasis

About 90% gallstones are cholesterol stones while the rest are made of calcium 
bilirubinate, calcium complexes, mucin glycoproteins, or unconjugated bilirubin. 
Obesity and metabolic syndrome are two risk factors for the development of choleli-
thiasis, other factors being genetics, age, gender, parity, and presence of hepatitis C 
virus infection and chronic kidney disease [122]. Recent study by Su et al. [123] shows 
that obesity reduces the age of onset of gallstone formation. Energy-dense food such 
as increased consumption of refined carbohydrates and saturated fats with decreased 
intake of fiber, and medicines such as estrogen and progesterone can promote chole-
lithiasis [124]. Rapid weight loss of more than 1.5 kg/week can also promote gallstone 
formation [125].
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4.2 Gastroesophageal reflux disease (GERD)

Heartburn and regurgitation are typical manifestations of GERD. Epidemiologic 
data show an association of obesity with GERD and Barrett’s esophagus, a condition 
in which the lower part of the esophagus is damaged by repeated exposure to stomach 
acid [126, 127].

5. Effect of obesity on reproductive health

Obesity has been shown to cause sub-fecundity and infertility in both sexes [128–130]. 
Overweight and obesity result in changes in the hypothalamus-pituitary-gonadal (HPG) 
axis in both men and women, affecting hormone levels and gametogenesis.

5.1 Reproductive problems in males

Chronic inflammation along with insulin and leptin resistance is associated with 
increase in adipose tissue (see above), affecting reproductive issues.

5.1.1 Hypogonadism and pseudo-gynecomastia

Insulin resistance may be responsible for obesity-induced hypogonadism in males. 
Male obesity secondary hypogonadism or MOSH is caused by hyperestrogenism, 
metabolic endotoxemia, and hyperleptinemia. Hyperestrogenism decreases pituitary 
secretion of luteinizing hormone through a negative feedback action that impairs the 
synthesis and production of testosterone from Leydig cells. Hypercaloric diet with 
excess lipids causes breakdown of the normal leaky gut, facilitating passage of bacte-
rial endotoxin from gut lumen into the blood stream (metabolic endotoxemia). Some 
animal studies suggest that bacterial endotoxin (Lipopolysaccharides-LPS) reduces 
testicular function by binding toll-like receptor 4 (TLR4) on Leydig cells, stimulating 
production of inflammatory cytokines [131–134].

Obesity is associated with elevated levels of leptin and leptin resistance. Leptin 
prevents the neuropeptide Y (NPY) neurons from inhibiting the release of GnRH. 
Leptin resistance results in reduced release of GnRH, FSH, and LH and impairs 
spermatogenesis [135].

Kisspeptin, a hypothalamic peptide encoded by the KiSS1 gene, is an important 
neuromodulator involved in HPG axis and fertility control. Most kisspeptin cells are 
localized at the hypothalamic level in humans. Kisspeptin and its G-protein-coupled 
receptor (KISS 1R or GPR-54) increase the delivery of GnRH into portal circulation, 
resulting in enhanced secretion of LH and FSH from the anterior pituitary. Decreased 
endogenous kisspeptin secretion is seen in obesity-related hypogonadotropic hypo-
gonadism (HH) [136–139]. Increased leptin levels are associated with decreased total 
and free testosterone levels in males.

Hyperinsulinemia results in decreased production of sex hormone binding globulin 
(SHBG) by the hepatocytes, causing increased availability of free testosterone for reac-
tion by aromatase in the adipose tissue. Aromatase converts testosterone to estradiol 
[140], further decreasing testosterone level with increase in estrogen level. This may 
result in pseudo-gynecomastia, with excess adipose deposition in breast area [134]. 
Sleep apnea associated with obesity disrupts the nocturnal rise in testosterone [134].
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High waist circumference is associated with erectile dysfunction due to athero-
genic effect on peripheral vasculature [141]. Low ejaculatory volume and oligo-zoo-
spermia have been noted in males with increased BMI and waist circumference [142]. 
Increased testicular heat, elevated inflammatory mediators, and increased presence 
of reactive oxygen species in men with obesity affect the quality of sperms [143].

5.2 Reproductive problems in females

Earlier onset of menarche has been reported in adolescent females with over-
weight or obesity, compared with their normal-weight counterparts. The association 
of obesity with menstrual disorders, infertility, and recurrent miscarriages was 
recognized early [144, 145].

Insulin resistance promotes hyperandrogenemia and decreases the level of steroid 
hormone binding globulin (SHBG) resulting in elevated levels of free testosterone 
(discussed above). Aromatization of testosterone to estrogens by aromatase in the 
adipose tissue suppresses the release of gonadotrophin from the pituitary [140]. 
Elevated levels of leptin impair follicle development, ovulation, and oocyte matura-
tion in women with obesity [146, 147].

5.2.1 Polycystic ovarian syndrome (PCOS)

This hormonal disorder is one of the most common endocrine disorder in pre-
menopausal women, is also associated with obesity, metabolic syndrome, and T2DM. 
Irregular periods, anovulatory cycles, oligo-amenorrhea, excess androgen, hirsutism, 
and polycystic ovaries are the main characteristics of PCOS [148, 149]. Most women 
with PCOS have elevated levels of plasma free fatty acids, are insulin resistant, and 
have compensatory hyperinsulinemia. High levels of free fatty acids induce mitochon-
drial dysfunction, inflammation, oxidative stress, and immune disorders [150]. High 
levels of plasma free fatty acids cause increased synthesis of androgens in the ovary as 
well as in the zona reticularis of the adrenal gland. Insulin stimulates androgenesis by 
stimulating P450c17 activity in zona reticularis of the adrenal gland to produce DHEA 
and androstenedione [151]. Hyperinsulinemia causes decreased expression of SHBG 
by hepatocytes (see above), thus further increasing free testosterone levels. Aromatase 
(CYP19A1) in adipocytes as well as in the tissue of endometriosis converts androgens 
to estradiol, which inhibits the secretion of gonadotropin releasing hormone, resulting 
in decreased release FSH and LH from the pituitary. This affects maturation of fol-
licles, production of estrogen, ovulation, maintenance of function of corpus luteum.

Women with PCOS may have problems in conceiving and increased risk of gesta-
tional diabetes and miscarriage or premature birth. Impairment of the hypothalamus-
pituitary-gonadal (HPG) axis and follicular environment caused by obesity results in 
fertility problems, miscarriages, and complications in pregnancy.

5.2.2 Anovulation and quality of oocyte

Ovulation disorders account for at least 30% cases of infertility. Menstrual cycle 
without the release of ovum is called anovulatory cycle. Women with obesity have 
higher rates of anovulatory menstrual cycles [152, 153], the exact mechanism of 
which is not known. Common causes of anovulation include hyperandrogenism  
(as in PCOS, congenital adrenal hyperplasia, androgen-producing tumors), hyper-
prolactinemia, anorexia, excessive strenuous exercise, stress, thyroid dysfunction, 



91

The Multiple Consequences of Obesity
DOI: http://dx.doi.org/10.5772/intechopen.104764

primary pituitary dysfunction, premature ovarian failure, and certain medications. 
Obesity and strenuous exercise are known to alter profiles of insulin and adiponec-
tin, thus impairing fertility in women. Obese women remain sub-fertile even in the 
absence of ovulatory dysfunction [154, 155].

Obesity affects the quality of sperm, ovum, embryo, placenta, and the uterine 
environment. The competence of the oocyte is defined in terms of its ability to 
become fertilized and support embryo development. Oocyte competence may be 
influenced by obesity. Machtinger et al. [156] have shown that oocytes from women 
with obesity are smaller in size, have more abnormal spindles and chromosome 
misalignment than those from women with normal BMI. Negative outcomes for 
women undergoing in vitro fertilization (IVF) are more common in women with 
higher BMI, due to the poor oocyte quality, lower preimplantation rate, and uterine 
receptivity [157]. Decreased rate of conception, infertility, early pregnancy loss, and 
reduced success of assisted reproductive technology (ART) have been reported in 
females with obesity [158].

High serum levels of insulin, insulin resistance, high levels of glucose, lactate, 
triglycerides, and C-reactive protein in the follicular fluid have a negative impact on 
oocyte maturation.

Mitochondria of the oocyte must be fully functional, as ATP generated by them 
are required for oocyte maturation and blastocyst formation. High levels of fuel 
molecules (glucose, free fatty acids, triglycerides, and cholesterol) in environment 
increase intracellular lipid accumulation and cause damage to the endoplasmic 
reticulum and mitochondria. Mice fed on high-fat diet have oocytes with accumu-
lated lipid, increased reactive oxygen species (ROS), and have altered structure of 
mitochondria [159].

5.2.3 Endometrial hyperplasia

Abnormally thickened lining of the uterus due to disordered proliferation of 
endometrial glands or endometrial hyperplasia is caused by excess androgen with a 
relative deficiency of progesterone [160]. Untreated endometrial hyperplasia may 
develop into endometrial cancer [161]. Endogenous estrogen excess may occur in 
anovulatory cycles (during perimenopause or PCOS), obesity, and estrogen secret-
ing tumors of the ovary. The most common symptom of endometrial hyperplasia is 
abnormal uterine bleeding.

5.3 Obesity-related complications in pregnancy

Women with obesity have a higher risk of miscarriage, gestational diabetes, 
preeclampsia, premature delivery, cesarean section, and post-partum hemorrhage. 
Maternal obesity with poor glycemic control may result in fetal macrosomia and 
associated complications. Twenty percent less detection of fetal anomalies has been 
reported in women with obesity [162].

5.3.1 Risk of miscarriage

A Danish cohort study [163] involving more than 5000 women reported a hazard 
ratio for miscarriage of 1.23 for women with obesity conceiving spontaneously. Risk 
of miscarriage is higher in women with obesity who conceive with IVF, even when 
using donor eggs from women with normal BMI.
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5.3.2 Gestational diabetes

Schummers et al. [164] studied 226,000 singleton pregnancies in British Columbia. 
They have reported an incidence of gestational diabetes of 7.9%. The risk of gestational 
diabetes was doubled with a BMI > 30, and more than tripled at BMI > 40 kg/m2.

5.3.3 Risk of preeclampsia

Women with overweight have double the risk of preeclampsia, while women 
with obesity have triple the risk, compared with women with normal BMI [164, 165]. 
Increased physical activity during pregnancy may reduce the risk of both gestational 
diabetes and preeclampsia.

5.3.4 Preterm labor

Obesity has been shown to increase the risk of preterm delivery [165, 166]. This 
may be due to increased levels of circulating cytokines and inflammatory proteins in 
women with obesity.

5.3.5 Cesarean section

The rate of Cesarean section increases with increase in maternal BMI [165, 167]. 
There is also an increased risk of wound infection, dehiscence, post-partum hemor-
rhage, and deep vein thrombosis. Duration of labor is longer in women with obesity. 
There is an increased risk of fetal distress, instrumental delivery, and shoulder 
dystocia in women with obesity.

6. Economic consequences of obesity

Obesity is a risk factor for various diseases (see above). Expenses on medicine, loss 
of pay due to absence from work caused by illness, reduced job opportunities, etc., 
lead to constraint on family budget [168].

6.1 Direct expenses

These include the medical expenses on obesity-related diseases. Expense on medi-
cines for hypertension, type 2 diabetes, dyslipidemia, kidney diseases, stroke; and 
medical expenses incurred on hospitalization for various conditions affect the family 
budget as well as the budget of the country [169].

6.2 Indirect expenses

Absence from work due to disease results in decreased pay and early mortality 
affects the family income. Kjellberg et al. [170] report a 2% decrease in income, 3% 
increase in social transfer payments, and a 4% increase in healthcare costs per BMI 
point above 30. Thus, the indirect costs constitute the greatest proportion of total 
costs associated with obesity. Lee et al. [171] have reported that women with higher 
BMI are 0.33 times less likely to have service jobs, earn 9% lower monthly wages, and 
are half as likely to have jobs with bonuses compared with those with normal BMI.
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7. Mental and social issues

Obesity is considered a social stigma in most societies. People with obesity are 
considered responsible for their condition and are often the victims of teasing and 
bullying, at all ages, from preschool through adolescence to adulthood [172–176].

7.1 Bullying

Bullying is intentional unprovoked aggression that may be physical (hitting, shov-
ing), mental (name calling, spreading rumors, social exclusion, fat shaming on social 
media) or both, which causes harm to the victim. It involves an imbalance of physical 
or psychological power. Weight-based victimization is more common at younger 
age, but may be observed in adults also [177]. It has been noted that pre-adolescent 
or adolescent boys with overweight or obesity who are stronger than their peer may 
show bullying behavior, victimizing those who are physically weaker than them [178].

7.2 Binge eating

Binge eating disorder (BED) is a type of disordered eating in which the individual 
consumes a relatively large amount of food in a short span of time, compared with 
other people of the same age, gender, and weight. BED affects 1–3% of the general 
population. People with BED are 3–6 times more likely to be overweight or obese 
than persons without eating disorders [179]. Around 30% persons with BED report a 
history of childhood obesity [180].

7.3 Depression

Meta-analysis conducted by Luppino et al. [181] shows a reciprocal link between 
depression and obesity. Obesity increases the risk of depression, and depression is 
predictive of developing obesity. Both obesity and depression are common and both 
are risk factors for cardiovascular diseases [182]. Depression is also an important 
cause of premature mortality, primarily due to suicide.

8. Quality of life and mortality

Obesity and the associated diseases affect the quality of life and influence the 
length of life span [183].

8.1 Decreased quality of life

Health-related quality of life encompasses physical, mental, and social health and is 
influenced by factors such as socioeconomic status, culture, and environment of the per-
son concerned. The degree of obesity is inversely proportional with the quality of life, as 
persons with higher BMI values are more likely to have obesity-associated diseases [184].

8.2 Risk of mortality

At least 2.8 million people die annually as a consequence of being overweight 
or obese. Many complications of obesity are mentioned above that deteriorate the 
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quality of life and may promote early death. Most of the deaths are a direct conse-
quence of cardiovascular problems or cancer [185].

9. Conclusion

Obesity is a condition that can compromise health and is closely associated with 
various medical conditions caused by increased body mass, metabolic derangement, 
psychological effects, or economic or social aspects. Awareness about the causes and 
consequences of obesity should be created among the general public so that persons 
with obesity may receive timely care with empathy.
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Personalized Strategy of Obesity 
Prevention and Management Based 
on the Analysis of Pathogenetic, 
Genetic, and Microbiotic Factors
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Abstract

This chapter reviews the issue of overweight management, which is one of the 
major challenges faced by most countries today. The causes of obesity include genetic 
and epigenetic factors, a lack of physical activity, eating disorders, and gut micro-
biota status. Physical exercise is the main means of prevention and management 
of overweight and obesity. The effectiveness of exercise programs for obese people 
typically varies around 80%, but it can be increased by taking into account biochemi-
cal, genetic, epigenetic, and microbiome markers, which allows choosing the most 
appropriate type of exercise according to individual characteristics. The pathogenetic 
preconditions for reducing exercise tolerance were examined based on the existing 
imbalance of adipokines, cytokines, and incretins. The association between genotype 
and weight loss induced by different diets and types of exercise was discussed along 
with obesity epigenetic markers. The effects of dietary choice on the microbiome 
composition and its contribution to the development of systemic inflammation in 
obese people were assessed. The weight management exercise program for middle-
aged women was presented. The structure and value of the factors that determine 
the physical condition of overweight middle-aged women were described. These data 
provide the basis for designing a sound exercise program for weight management.

Keywords: gene polymorphisms, obesity, exercise training, personalized approach, 
health-enhancing physical exercise

1. Introduction

Obesity is one of the modern world challenges, which has become epidemic and 
has negatively affected population health. Obesity and overweight, which in most 
cases accompany metabolic syndrome and type 2 diabetes, are among the indepen-
dent risk factors for overall mortality, including death from cardiovascular disease 
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and cancer [1]. In recent years, special attention has been given to the sedentary 
lifestyle of people of almost all ages, as it is proven that lack of physical activity is an 
independent significant factor in deteriorating health. A meta-analysis of studies 
examining the relationship between physical activity and overall mortality showed 
that a higher level of total physical activity of any intensity and less time spent in 
sedentary behaviors are associated with a significant reduction in the risk of overall 
mortality [2].

In addition to physical inactivity, eating disorders, and intestinal microbiota 
status, the causes of obesity include genetic factors, such as gene polymorphisms 
and epigenetic modifications. Weight loss training programs are the major means of 
obesity prevention, cardiovascular fitness improvement, and body mass reduction. 
However, the effectiveness of these programs ranges from 79–83%. The outcomes 
of exercise training aimed at weight loss in overweight and obese adults depend on 
individual characteristics of the body, such as morphological and metabolic features, 
developed under the influence of hereditary and environmental factors throughout 
life. A number of informative biochemical, genetic, epigenetic, and microbiotic 
markers can be used to determine the most effective mode of exercise training accord-
ing to individual metabolic characteristics.

The current situation in the world only exacerbates it drawing attention to the 
increased risk of COVID-19-related death in overweight and obese people. The 
problem of being overweight in light of the current epidemic situation is further 
exacerbated as the quarantine restrictions, which are periodically imposed by state 
and municipal authorities, contribute to the spread of hypodynamia among the 
population. The stress provoked by the epidemic situation triggers destructive eating 
behaviors with excessive calorie density. Hypodynamia and excessive calorie density 
make them gain weight even more and lead to greater health risks. The urgency of this 
problem stipulates the need to develop a personalized approach to designing physical 
exercise programs for obese people and assess the impact of individual markers of 
obesity on the effectiveness of such programs.

2.  Imbalance of adipokines, cytokines, and incretins as a pathogenetic risk 
factor for reduced exercise tolerance

The progressive increase in obesity prevalence during the second half of the last 
century has put adipose tissue at the center of scientific interest. It is now seen not 
only as a passive reservoir for the accumulation of energy reserves but as a metaboli-
cally active endocrine organ that secretes hormones and cytokines. Adipose tissue 
cytokines and adipokines are involved in the regulation of many vital processes, 
the imbalance of which results in the development of insulin resistance, metabolic 
syndrome, diabetes, and cardiovascular complications. Many studies confirm that the 
presence of metabolic syndrome or any of its components correlates with the level of 
pro-inflammatory cytokines [3].

Our studies showed a significant increase in IL-6 (interleukin 6), TNF-α (tumor 
necrosis factor alpha), and OPG (osteoprotegerin) in subjects with overweight and 
obesity irrespective of the presence of carbohydrate metabolism disorders confirm-
ing the significant role of overweight and obesity in the development of nonspecific 
inflammation, one of the main pathogenetic risk factors for metabolic disorders 
development (Table 1). We wanted to pay special attention to a new cytokine identi-
fied in obese people.
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The glycoprotein OPG, which belongs to the tumor necrosis factor receptor 
superfamily, was initially identified as an inhibitor of bone resorption, however other 
important regulatory functions of OPG have been later identified. The OPG/RANKL 
(NF-κB ligand receptor) axis has been shown to play a significant regulatory role 
in the skeletal, immune, and vascular systems, including vascular calcification that 
accompanies atherosclerosis. Elevated OPG levels are associated with the incidence 
and prevalence of coronary heart disease. Moreover, increased OPG is considered 
as an independent risk factor for overall vascular mortality in obese adults and IR 
(insulin resistant) [4]. Our data showed that the OPG level was the most sensitive 
proinflammatory cytokine. This is confirmed by other authors. Kotanidou et al. 
(2018) reported that obese individuals show an increase in serum OPG already during 
puberty, and a key factor in the regulation of OPG is IR, which accompanies even the 
initial metabolic disorders on the background of excessive body weight [5].

We also investigated the levels of some hormones, which we believe play a key role 
in the regulation of appetite, neurophysiological relationships between the gut-brain 
axis and muscles, and physical activity (Table 2).

The most significant changes were observed in insulin and leptin. 
Hyperinsulinemia as a consequence of insulin resistance and hyperleptinemia are 
the most common hormonal disorders in the background of being overweight. These 
data are confirmed by numerous studies. Leptin is one of the most well-known 
adipose tissue hormones; it is very sensitive to energy consumption, especially in 
energy-deficient conditions. It has been shown that a reduction in the serum leptin 
was observed before fat loss even after 2–3 days of a low-calorie diet. Decreased 
leptin levels can cause a number of biological and hormonal responses, including the 
decreased activity of the sympathetic nervous system, hypothalamic gonadotropin-
releasing hormones, IGF-I (insulin growth factor I), GH (increased production 
of growth hormone), and ACTH (adrenocorticotropic hormone). Conversely, 
hyperleptinemia, which is common in overweight people, is associated with leptin 
resistance. At night, the leptin level is 30% higher [4]. In the presence of obesity, the 
level of leptin is increased many times, and a 10% decrease in body weight decreases 
its blood content by 50%. According to modern ideas, leptin sends a signal to the 
hypothalamus by activating specific leptin receptors, which are located in different 
parts of the brain – hypothalamus, cerebellum, cortex, hippocampus, thalamus, and 
vascular plexus of the cerebral capillary endothelium [6].

An important regulator of leptin secretion is hyperinsulinemia. Adipocytes 
produce leptin in response to increased postprandial insulin levels in healthy people 
and patients with metabolic syndrome. Based on numerous studies, we can conclude 
that the feedback mechanism between the level of insulin secretion by β-cells and 
fat and muscle cells utilizing glucose depends only on leptin action because leptin 
receptors are present in the islets of Langerhans of the pancreas, so there is a direct 
relationship between the concentration of insulin and its effect on the secretion of 
hormones by adipocytes. Normally, due to the increase in insulin secretion, pro-
duction of leptin increases that inhibits the secretion and release of insulin by the 
feedback mechanism [7].

It should be noted that in our study we did not find a significant difference in 
cortisol levels between patients with normal body weight and obesity. However, it 
is well known that over time, elevated glucocorticoid levels can lead to increased 
skeletal muscle protein breakdown, adipose tissue lipolysis, and hepatic gluconeogen-
esis accompanied by decreased glucose utilization. These effects increase circulating 
blood glucose levels, thus contributing to insulin resistance and hyperinsulinemia.
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In recent years, there has been increasing information about the effects of incre-
tins, which are a group of gut-derived hormones, on the regulation of body weight. 
Modern pharmacological therapy of obesity is associated with the introduction of 
GLP-1 (glucagon-like peptide-1) agonists, the level of which is significantly reduced 
in overweight and obese people irrespective of disorders of carbohydrate metabolism. 
Incretin hormones, such as GLP-1 and GIP (glucose-dependent insulinotropic pep-
tide), are secreted from the gastrointestinal tract into the portal circulatory system in 
response to nutrients. In a nutrient-dependent manner, incretins have been shown to 
contribute to lowering blood glucose levels by increasing insulin secretion, decreasing 
glucagon secretion, and decreasing the rate of gastric emptying. The main effect of 
GLP-1 is glucose-dependent stimulation of insulin secretion by pancreatic beta cells. 
GLP-1 slows down the rate of gastric emptying, which helps to reduce fluctuations in 
postprandial glycemia [8, 9]. GLP-1 also enhances the feeling of satiety and reduces 
food intake, by providing prolonged stimulation of mechanoreceptors and satiation 
receptors. Decreased food intake may be mediated by a direct effect of GLP-1 on 
sensory neurons located in the upper gastrointestinal tract or by a direct effect on 
the central nervous system because GLP-1 receptors are present in the hypothalamic 
centers that regulate food intake.

Physical activity combined with a balanced diet is the basis for the prevention 
and normalization of weight gain and obesity. No modern guidelines for weight 
correction, impaired carbohydrate metabolism, prevention, and treatment of cardio-
vascular complications can be provided without a primary emphasis on the need for 
physical activity. At least 150 min per week of moderate-intensity physical activity 
is the minimum required to ensure active metabolism of basic, carbohydrate and fat 
metabolism. For example, the American Diabetes Association currently provides the 
following recommendations for physical activity/exercise for people with carbohy-
drate metabolism disorders. Daily exercise, or at least not allowing more than 2 days 
to elapse between exercise sessions, is recommended to enhance insulin action. Adults 
with type 2 diabetes should ideally perform both aerobic and resistance exercise train-
ing for optimal glycemic and health outcomes. Structured lifestyle interventions that 
include at least 150 min/week of physical activity and dietary changes resulting in 
weight loss of 5–7% are recommended to prevent or delay the onset of type 2 dia-
betes in populations at high risk and with prediabetes [10]. To date, the influence of 
physical activity on the pathogenetic risk factors of overweight and obesity has been 
proven, including optimization of the secretion of adipose tissue hormones, incretins 
and reduction of low-gradient nonspecific inflammation [11, 12].

The most convincing data on the effects of physical activity on adipose tis-
sue hormones concern leptin. It has been shown that short-term exercise does not 
affect leptin levels in healthy people. However, longer and more intense exercises 
(≥60 min), which are associated with increased energy expenditure (≥800 kcal), 
lead to a decrease in leptin levels [13, 14]. In general, lifestyle changes that result in 
weight loss contribute to the normalization of serum insulin and leptin levels [15].

An inverse relationship was also found between physical activity and proinflam-
matory cytokine levels in obesity, diabetes, and metabolic syndrome. It is believed 
that the positive effect of exercise, which is partly mediated by changes in the profile 
of adipokines, is an increase in anti-inflammatory cytokines with a decrease in pro-
inflammatory ones. This effect was described at the level of gene expression, protein 
ligands, and receptor binding [16]. For example, exercises increase insulin sensitivity 
by lowering TNF-α, C-reactive protein, and increasing adiponectin. Interleukin-6 
is the first cytokine that appears in the bloodstream during exercise, and its levels 
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increase exponentially in response to exercise [17]. The increase in IL-6 levels in 
plasma caused by exercise correlates with the muscle mass, as well as with the mode, 
duration and, especially, the intensity of exercise. Infusion of recombinant human 
IL-6 (rhIL-6) in humans simulates the IL-6 response to exercise and prevents an 
increase in plasma TNF-α [18]. Inhibition of IL-6-induced TNF-α production has also 
been shown in cultured human monocytes. Furthermore, IL-6 stimulates the release 
of other anti-inflammatory cytokines, including IL-10 and IL-1Ra. These and other 
experiments suggest that the anti-inflammatory effects of exercise are partly medi-
ated by IL-6 levels [19].

It has also been shown that normal physical activity can affect glucose-induced 
GLP-1 secretion [20]. The more time spent in physical activity, the more pronounced 
is the glucose-induced GLP-1 response irrespective of insulin sensitivity. This indi-
cates a positive effect of normal moderate-intensity physical activity on GLP-1 secre-
tion that may help improve glucose regulation and reduce the risk of type 2 diabetes 
[21, 22]. Therefore, physical activity contributes not only to weight normalization but 
also improves metabolic disorders characteristic of obese and overweight people.

3. Role of genetic factors in weight loss efficiency

The common reasons are believed to be unhealthy eating habits and low physi-
cal activity, but undoubtedly body weight is also influenced by genetic factors that 
account for 40–70% variance in BMI [23]. Besides, there are marked inter-individual 
differences in terms of weight loss even if energy consumption and expenditure are 
supervised [24].

A plethora of studies has shown that SNPs (single nucleotide polymorphisms) of 
certain genes are associated with weight, waist circumference, distribution, and types 
of fat tissue. Moreover, an accumulating number of epidemiological evidence indicate 
that genetic pressure could be one of the leading factors in the obesity epidemic 
spread due to the assortative mating and increased number of offspring in individuals 
with higher BMI [25]. Thus, obesity-associated genetic variants could become more 
common in the population, thus demanding new weight-loss strategies that take into 
consideration the interaction between genetic factors, diet, and physical activity. Only 
a rare number of genetic mutations can lead to unavoidable obesity, hence, the impact 
of genetics on BMI could be diminished by environmental and behavioral factors 
[25]. Identification of genetic factors determining individual susceptibility to weight 
loss can be used to choose the appropriate intensity and mode of weight loss program 
intervention and diet macronutrient composition or to suggest alternative treatment 
methods, such as surgery or pharmacological intervention.

Obesity is an extreme form of fat tissue accumulation. According to thermody-
namics laws, even low continuous excess of calories income over calories expenditure 
causes obesity development [26], although the reasons for increased or decreased 
dietary intake could be different.

The long-term efficiency of weight loss is considerably determined by dietary hab-
its that include nutritional composition, timing, quantity, and quality of food intake. 
The genetic predictors influencing the nervous system function define nutritional 
behavior and can lead to monogenic obesity forms. For example, SNPs of the MC4R 
(melanocortin 4 receptor), BDNF (brain-derived neurotrophic factor), and FTO (fat 
mass and obesity-associated) genes are associated with hyperphagia and increased fat 
macronutrient intake [25]. From this perspective, designing an individual nutrition 
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plan taking into consideration genetically predetermined dietary habits is important 
to improve long-term adherence to the prescribed diet.

All successful weight loss programs are focused on reducing caloric intake through 
the alteration of macronutrient composition (i.e., low-carb vs. low-fat diet, high-
protein diet) [27], although different methods of creating a calorie deficit may be 
chosen depending on an individual’s genetic profile (Figure 1).

FTO is one of the most studied obesity-related genes and its genetic variants are 
associated with higher total energy and fat intake, reduced satiety, and craving for 
calories dense food [26, 28], which partially can be explained by a higher level of 
appetite-related hormones (ghrelin and leptin) [29]. High-protein diets could be a 
useful tool in managing satiety [27] and reduction of appetite-related hormones in 
case of FTO-associated obesity. For example, carriers of risk allele FTO rs1558902 
experience a greater weight loss in response to a 2-year high-protein diet interven-
tion program; and, generally, higher content of protein in a diet is preventive against 
weight gain for this risk allele carrier [30]. Furthermore, the carriers of rs1558902 
SNP experience more metabolic benefits from high-fat diets compared to low-fat 
diets [31]. Putting together this data allows for designing a diet plan for the rs1558902 
risk allele carriers with the highest adherence (high protein), weight loss, and health 
improvement (high fat) properties.

Several other SNPs are also associated with a greater weight loss in response to 
a high-fat diet plan, including HNF1A (hepatocyte nuclear factor-1 alpha) gene 
rs7957197 minor T allele, TNF-α gene rs1800629 minor A allele, and CYP2R1 (cyto-
chrome P450 2R1) gene rs10741657 minor A allele [32]. The last association may 
suggest that a high amount of dietary high-quality fat also contains other essential 
nutrients, such as vitamin D, that could be beneficial for people prone to its defi-
ciency. Similarly, monounsaturated fats are well known for their anti-inflammatory 
properties in obesity [33] and a diet plan full of these fats is beneficial for IL-6 
polymorphism rs1800795 associated with the higher inflammatory process [32].

However, despite the increased satiety properties, a high-fat, high-protein plan 
is not a universal approach. Often the carriers of genes variants that impair insulin 

Figure 1. 
The interplay between genetic factors, diet, physical activity, and obesity development.
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secretion benefit more from low-fat diets. For instance, the ADCY3 (adenylate cyclase 3) 
gene codes for an adenylate cyclase protein, which is responsible for the formation of 
cyclic AMP, a secondary messenger involved in insulin secretion, decreased mTOR 
signaling and lipogenesis, and promoted thermogenesis and fatty acid oxidation. The 
minor allele of ADCY3 rs10182181 SNP has been shown to correlate with increased 
BMI. The carriers of this allele lost more weight with low-fat diets in comparison to 
high-protein diets [34]. Such improvement can be explained by a higher percentage 
of carbohydrates in a diet and its positive influence on insulin signal function. The 
same is known for the two TCF7L2 (transcription factor 7-like 2) SNPs rs7903146 and 
rs7901695—the individuals with these risk alleles for type 2 diabetes undergo lower 
weight loss with a high-fat diet [32, 35, 36] and experience more metabolic benefits 
from lower protein intake. Likewise, the carriers of the MTNR1B (melatonin receptor 
1B) risk allele rs10830963, which is associated with increased fasting glucose and type 
2 diabetes, experience greater weight loss with a low-fat diet [37]. Similar results are 
obtained with the IRS1 (insulin receptor substrate 1) genetic variant related to insulin 
resistance and increased BMI. Those with the SNP risk allele rs2943641 lose more 
weight with the high-carbohydrate low-fat diet, while the low-carbohydrate high-fat 
diet is more suitable for the noncarriers [38].

Additionally, different macronutrient compositions should be considered for the 
carriers of different PPARG2 (peroxisome proliferator-activated receptor gamma) 
rs1801282 and PPM1K (protein phosphatase 1 K) rs1440581 polymorphisms. The GG 
and GC genotypes (obesity-related G allele carriers) of the PPARG2 gene lose more 
fat following a low-fat diet, whereas individuals with the CC genotype experience 
greater weight loss with a high-fat nutrition plan [39]. Although PPM1K is the gene 
coding for a protein participating in the branched-chain amino acid metabolism, its 
SNP rs1440581 T allele correlates with higher fasting glucose and higher BMI and is 
associated with greater fat loss following a high-fat diet [32], while a low-fat diet has 
more benefits for individuals with the CC genotype [40].

Moreover, the composition of dietary fats, that is, the proportion of saturated, 
poly-, and monounsaturated fats, can be critical for a successful weight loss for 
the specific genotypes. ADIPOQ is a gene that encodes for adiponectin, the most 
ubiquitous protein hormone that is secreted by the adipose tissue. The level of serum 
adiponectin is correlated with BMI and has 80% heritability [41]. Its expression can 
be affected by the rs17300539 SNP located in the proximal promoter region. A risk 
variant of this gene is associated with higher BMI, although the genetic impact on 
body weight becomes negligible when the level of dietary intake of MUFA (monoun-
saturated fatty acids) is reduced to less than 13% of energy intake [28]. However, for 
another ADIPOQ SNP rs266729 located in the promoter region, two studies revealed 
no benefits for weight loss in the minor risk allele carriers with different body compo-
sitions [41, 42]. Although individuals with all genotypes showed an improvement in 
body weight and parameters of glucose homeostasis, non-risk allele carriers showed 
better response.

The timing of meals can also be an important part of weight-loss strategies since 
some of the circadian rhythm signaling proteins are associated with increased BMI 
and diabetes. For example, G allele of MTNR1B (melatonin receptor 1B) rs10830963 
was found to be associated with higher BMI and higher resting glucose levels, how-
ever, the association was more significant in early sleep timing compared to late sleep 
timing [43]. This allele was associated with elevated melatonin levels early in the 
morning, thus simultaneous food intake additionally elevates blood glucose levels 
and may disturb circadian rhythm regulation. Similarly, weight loss resistance is the 
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case for carriers of the C allele of CLOCK (basic helix–loop–helix-PAS transcription 
factor) SNP rs1801260 is also associated with higher activity in the second half of the 
day [44]. This data suggests the disturbance of the natural circadian rhythm due to 
modern lifestyle. This knowledge could help align meal timing with the natural cycle 
so that carriers of the risk allele could experience more weight loss by scheduling their 
breakfast later in the day.

While dietary lifestyle changes are a key weight loss factor, individuals experience 
more metabolic and health benefits when those are combined with physical activ-
ity intervention [24]. Although WHO recommends a minimal 150 min per week of 
moderate exercise for health improvement, a number of studies have shown that such 
amount of physical activity is not sufficient for clinically significant weight loss, thus 
indicating the need for increased physical activity to 225–420 min per week. It is decid-
edly more likely to lose more weight with increased physical activity, however, the 
optimal level of physical exercise still should be determined (Figure 1). Furthermore, 
various types of exercises are available, for example, anaerobic, aerobic, and interval 
training, all of which affect body composition and metabolism in different ways and 
could be beneficial to different genotypes [45].

The PPAR (peroxisome proliferator-activated receptors) family genes are involved 
in lipolysis and lipogenesis, the efficiency of energy utilization, and mitochondrial 
biogenesis [45]. Some SNPs located in these genes are often associated with different 
weight loss outcomes in response to physical activity intervention. According to our 
data, SNPs (rs12629751, rs9833097) of the PPARG gene are associated with greater fat 
mass loss and improvement in cardiometabolic health. Another member of the per-
oxisome receptors family PPARGC1A is induced by physical activity and associated 
with an increased lipid oxidation rate. Our results showed that the polymorphism 
of this gene rs17650401 is correlated with the efficiency of fat mass loss following a 
moderate exercise intervention program [45].

As was mentioned, different types of physical activity would be beneficial for 
individuals with different genotypes (Figure 1). Well-known PPARG polymorphism 
Pro12Ala has no or even negative effects on weight loss in response to the aerobic 
training program [46]. Moreover, individuals with the high-risk SNP of PPARD gene 
rs2016520 also showed less weight loss after a moderate aerobic exercise program [47]. 
The 12Ala allele is associated with strong abilities and is responsible for the transition 
to an anaerobic energy supply during exercise [48], so carriers of this obesity-related 
allele can benefit more from the anaerobic intervention programs or high-intensity 
interval training. This is the case for the obesity-related SNP rs1885988 of the MTIF3 
(mitochondrial translational initiation factor 3) gene, where intensive lifestyle 
interventions lead to more weight loss in risk-allele carriers [49].

Interestingly, the predisposition to physical activity seems to be heritable. The 
majority of genes responsible for this trait are involved in behavior control, mood, 
and reward pathway function. For instance, MC4R genes are associated with a low 
level of physical activity [50], therefore, the risk-allele carriers could be discouraged 
with high-intensity or high-impact exercise. In contrast, some polymorphisms are 
related to exercise adherence and even correlated with exercise dose (rs6314 HTR2A, 
5-hydroxytryptamine receptor 2A), duration (rs5946015 HTR2C and rs3758653 
DRD4, dopamine receptor D4), and intensity (rs1801412 HTR2C) [51], consequently, 
they can determine a better outcome from the higher level of physical activity.

Plenty of studies has indicated that there is a wide inter-individual variation in 
response to diet and physical activity weight-loss programs. Personalization of dietary 
and physical activity recommendations could be a powerful tool for planning the 
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most appropriate weight loss plan taking into account subjective feeling of satiety 
(FTO variants), metabolic characteristics (polymorphisms associated with disrupted 
insulin signaling), meal schedule (MTNR1B and CLOCK), required level and type of 
physical activity (PPAR family genes), and long-term adherence to designed physical 
activity plan (MC4R, HTR genes, DRD4). Altogether genotyping data could be used 
for managing and preventing obesity with a higher level of success.

3.1  Personalization of health-promoting fitness programs for young women based 
on PPARG gene polymorphism

To personalize health-promoting fitness programs for young women, a study was 
conducted that included an assessment of women’s physical fitness before and after 
the implementation of two 4-month health-promoting fitness programs (aerobic and 
resistance workouts). The personalized approach presupposed genotyping women 
according to Pro/Ala polymorphism of the PPARG gene. At the beginning of the 
pedagogical experiment, we formed two groups of women, the experimental group 
1 (EG1) (resistance training, n = 24) and the experimental group 2 (EG2) (aerobic 
training, n = 20).

The results of the study showed the dependence of young women’s physical fit-
ness on their genotype for the above-mentioned polymorphism as a result of under-
going fitness programs by them. Resistance workouts caused significant changes in 
body composition, with a slight decrease in body weight and girth for women with 
Pro/Ala and Ala/Ala genotypes, while among women with Pro/Pro genotype, there 
was a significant decrease in body weight and girth. The level of physical fitness in 
women with Pro/Pro genotype increased by 11.1%, and in women with Pro/Ala and 
Ala/Ala genotype by 10.5% (p < 0.05) under the influence of the strength fitness 
program.

The patterns of the changes in the parameters of physical condition differed 
between the women with Pro/Pro genotype and Pro/Ala and Ala/Ala genotypes, who 
participated in aerobic training. Aerobic training resulted in significant changes in the 
bodyweight of young women in both subgroups.

Identification of genetic markers allows applying a differentiated approach in 
the development of fitness programs, which stipulates choosing the structure of the 
program, the ratio of aerobic and resistance activities, exercise intensity, and pulse 
regimes depending on the polymorphism of the PPARG gene [52].

3.2 Microbiome and obesity

The global obesity epidemic has stimulated a great interest in studying the effects 
of microbial metabolome on the metabolic profile and maintenance of the energy 
homeostasis of an individual. The study by Turnbaugh et al. was one of the first that 
showed the relationship between the gut microbiota and increased body weight [53]. 
These and other similar findings formed a basis for the development of ideas about 
the mechanisms of microbiome influence on metabolic pathways.

The introduction of new technologies based on the achievements of genomics, 
transcriptomics, proteomics, metabolomics, and bioinformatics, in the last decade, 
has revolutionized and expanded the understanding of the structure and function 
of the human microbiome, as well as of its key role in regulating metabolic processes 
in the macroorganism, absorption of nutrients, endogenous synthesis of essential 
enzymes, vitamins, and biologically active compounds [54].
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3.3 Functional significance of microbial enterotypes

The microbiome consists of about 100 trillion microorganisms that exist in a sym-
biotic relationship with human hosts [55] and can be classified into four enterotypes: 
Bacteroides, Prevotella, Ruminococcus, and Firmicutes, which have different domi-
nant classifications, pathways, functions, and correlations between coexisting genera. 
The Bacteroides enterotype metabolizes carbohydrates and proteins with enzymes 
involved in glycolysis and pentose phosphate pathways. Prevotella and Ruminococcus 
contribute to the transport and absorption of monosaccharides by enriching the 
membrane and binding gut mucin to hydrolyze it. Enterotypes use different strategies 
to obtain energy from substrates present in the gut ecosystem. The specific composi-
tion of enterotypes responds to special mechanisms of metabolism of carbohydrates, 
amino acids, and fatty acids, which determine the frequency of obesity and obesity-
related metabolic diseases [56].

16S rRNA microbiome sequencing identified the relationship between microbial 
diversity and different physiopathological conditions and allowed to observe the 
behavior of different types and genera of bacteria in combination with different 
phenotypes, different types of diets, and, in particular, obesity [57]. It is assumed that 
the microbiome can regulate the extraction of energy substrates from food and energy 
balance of the body, thus promoting the development of obesity or protecting against 
it. This hypothesis was confirmed in a study by Gordon, which reported an increase in 
fat content in the body of gnotobiotic (germfree) rats after fecal transplantation from 
obese rats [58]. Some studies have shown an increase in the percentage of Firmicutes 
and a decrease in the percentage of Bacteroidetes in obese humans compared to 
humans and underweight rats [59], while the others did not find significant changes in 
microbial composition between the two groups, and some even reported the opposite 
results. The relationship between the gut microbiome and metabolic disorders was 
first proven in the laboratory of Jeffrey I. Gordon at the Washington University School 
of Medicine in St. Louis. The authors demonstrated that leptin-resistant mice, char-
acterized by increased appetite and obesity, have a deficiency of Bacteroidetes and an 
increased relative proportion of Firmicutes compared with control animals [60].

3.4  Relationship between obesity and the ratio of Bacteroides and Firmicutes in 
fecal samples

Dysbiosis in obesity is often characterized by a decrease in microbial diversity, 
changes in the relative numbers of major enterotypes, such as Firmicutes and 
Bacteroidetes, and/or an increase in pathogenic microorganisms. In a study of 18 
obese male volunteers, the percentage of total fecal bacteria identified as Bacteroides 
did not differ between obese subjects and a normal weight control group [57]. These 
results contrast with similar studies but are quite consistent taking into account 
significant inter-individual differences.

Despite the disagreement, the ratio of Firmicutes to Bacteroidetes was studied and 
associated with susceptibility to disease [60], particularly an increase in the number of 
Firmicutes and a decrease in Bacteroidetes were observed in obese patients and type 2 
diabetics [61]. The ratio of Firmicutes and Bacteroidetes in the fecal samples of healthy 
adults was 10/1 and in obese patients was 100/1. Thus, obesity was shown to be associated 
with an increase in the number of Firmicutes and a decrease in fecal Bacteroidetes [62]. 
Also, the predominance of Firmicutes in the gut microbiota was constantly observed 
in obese subjects in the study of Lei et al. [60], and the number of Proteobacteria was 
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related to a large number of genera Bacteroides, Prevotella, and Ruminococcus that is 
positively correlated with a healthy intestinal microbiota. Some authors believe that an 
important factor associated with obesity is not the ratio of Bacteroidetes to Firmicutes in 
the gut microbiota, but the amount of short-chain fatty acids produced by it [63].

3.5 Microbiota-derived metabolites

Microbial metabolites are able to affect the metabolic functions of the host and play 
a key role in the pathophysiology of metabolic diseases. Bacteria of the gut microbiome 
produce a large number of enzymes that catalyze the depolymerization of complex 
carbohydrates as well as the degradation of indigestible components of chyme to SCFA 
(short-chain fatty acids), which are not only energy substrates but can also serve as 
messengers participating in the immune and systemic inflammatory response [64] and 
affecting intestinal motility and vascular tone. Many human and animal studies have 
shown a clear relationship between gut microflora, SCFAs, and obesity.

Bile acids are also one of the most important microbial products with bioactivity 
in stimulating the secretion of gut hormones, as intestinal bacteria are involved in 
the deconjugation of bile acids, which are endogenous ligands of the FXR (nuclear 
Farnezoid receptor), found in various tissues, such as liver, intestines, kidneys, 
adipose tissue, and immune cells. Bile acid signaling through FXR plays a role in 
maintaining lipid and glucose homeostasis. Studies have shown that FXR-deficient 
mice have impaired insulin signaling with impaired regulation of glucose homeostasis 
and elevated blood cholesterol and triglyceride levels [65]. Among the microbiota-
derived metabolites, TMAO (trimethyl N-oxide) should also be mentioned, which is 
an important modulating factor in various diseases and significantly affects platelet 
hyperactivity, abnormal plasma lipid levels, obesity, and insulin resistance [66].

However, the main end product of the hydrolysis of indigestible carbohydrates 
is SCFA, that is, acetic (acetate), propionic (propionate), and butyric (butyric) 
acids, which are the most common and make up >95% of the total content of SCFAs 
and are produced in an approximate molar ratio of 60:20:20, reaching a combined 
concentration of more than 100 mM in the intestinal lumen [67], and act as the main 
energy supply for intestinal epithelial cells and, therefore, can increase the protection 
of the mucous barrier [68]. As the primary metabolic end product, gram-negative 
Bacteroidetes produce acetate and propionate, while the type Firmicutes produce 
mostly butyrate [69]. Several animal and human studies have found elevated concen-
trations of SCFAs in feces (particularly propionate) in obese individuals compared to 
normal-weight subjects [70] and, at the same time, recent data suggest that butyrate 
and propionate may promote healthy metabolism by activating IGN (intestinal gluco-
neogenesis) [71], which plays a dual role in maintaining energy homeostasis—regu-
lating food intake and increasing insulin sensitivity. Propionate can directly initiate 
gut-brain communication by acting as an agonist of FFAR3 (free fatty acid receptor 
3) to induce IGN with a positive effect on host physiology [65]. SCFAs are not only 
involved in energy metabolism but also perform a signaling function by activating 
GPRs (G-protein bound receptors) or FFAR2 (free fatty receptor 2). As reported, pro-
pionic acid is the most powerful activator of this receptor [53]. GPRs are expressed in 
most cells of the gastrointestinal tract, as well as in adipose tissue and immune cells. 
High-level expression of this receptor was found in the endocrine L-cells of the ileum 
and colon, which produce GLP-1 and PYY (peptide YY), and, in this way, SCFAs can 
modulate the secretion of incretins and regulate the onset of satiety and appetite, thus 
affecting the metabolic mechanisms of obesity [72].
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3.6 The role of dietary intervention

Accumulated data from numerous meta-analyzes shows that macronutrients, 
especially proteins, fats, and insoluble fiber, have a profound effect on the structure, 
function, and secretion of gut microbiota-derived metabolites that modulate multiple 
metabolic and inflammatory pathways. Genetic studies [73] have highlighted the 
importance of host genotype in determining the relative numbers of certain microbi-
ome groups but found that Bacteroidetes can be influenced by host genetics, meaning 
that most environmental factors (including diet) determine their relative numbers by 
epigenetic influence.

Hyperphagia is common in obese individuals and refers to excessive calorie intake 
compared to the energy needed to maintain body weight, and it has been suggested 
that Bacteroidetes numbers are sensitive to this condition. Jumpertz et al. conducted 
an inpatient study of obese and normal body weight subjects, who were randomly 
assigned to a diet to maintain weight or to a hypercaloric diet (2400 and 3400 kcal/
day, respectively). In subjects with normal body weight, hypercaloric diet results in 
a decrease in the level of Bacteroidetes in fecal samples by 20% simultaneously with 
an increase in energy intake by approximately 150 kcal [74]. A similar observation 
was made in the Finnish monozygotic twin’s study, where a hypercaloric diet was also 
associated with a decrease in the number of Bacteroides [75]. Interestingly, gastric 
bypass surgery results in an increase in Bacteroides that may be due to a reduction in 
caloric load rather than weight loss [76].

A diet high in refined and processed foods, red meat, and sugary drinks, com-
bined with low fiber, fruit, and vegetable intake, correlates positively with the 
development of metabolic diseases, such as diabetes and obesity, both of which are 
associated with low-grade systemic inflammation and endotoxemia due to decreased 
commensal microbiota [77]. In obese people, a high-protein, low-carbohydrate diet 
combined with caloric restriction has been reported to result in increased quantities 
of branched-chain fatty acids, reduced butyrate, and reduced Roseburia/Eubacterium 
rectale [78]. On the other hand, a diet with a high percentage of fat and sucrose led to 
a decrease in the diversity of gut microbiota, metabolic dysfunction, and an increase 
in the number of opportunistic pathogens [79]. The study by de Wit et al. [80] 
showed that a diet high in fat (45% energy from fat) with palm oil resulted in reduced 
fat absorption and increased concentration of fat in the feces compared to a diet with 
the addition of olive or safflower oil. The increase in the concentration of fecal fat in 
the palm oil group was accompanied by a decrease in microbial diversity, an increase 
in the ratio of Firmicutes to Bacteroidetes, and an increase in the expression of lipid-
related genes in the mucosa that can be considered a sign of dysbiosis [80].

Preclinical studies showed that a high-fat diet can increase the proportion of 
gram-negative bacteria while reducing the number of gram-positive E. rectale/
Clostridium coccoides and Bifidobacterium [81]. There is evidence that the use of 
emulsifiers to improve the sensory properties of food has increased in the produc-
tion of low-fat foods, in part due to innovations in specialized products for health-
conscious consumers. It has been reported that emulsifiers can potentially increase 
virulence factors and thus the pro-inflammatory potential of the microbiota and 
contribute to low-grade inflammation, which may promote colon carcinogenesis [82]. 
According to epidemiological studies showing that high protein intake from plant 
sources and dairy products is associated with protection against obesity [83], rats fed 
dietary soya as a source of protein had a lower body weight than rats fed beef, pork, 
or turkey [84]. A recent review of human and animal studies examining the effects of 
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soy feeding on the microbiome found that consumption of soy products increased the 
numbers of Bifidobacterium and Lactobacilli and altered the ratio between Firmicutes 
and Bacteroidetes [85]. A study of dietary interventions in obese and overweight 
individuals showed that a large number of gut microbiota taxa increased due to a 
high-fiber diet with a low content of animal fats that improved the clinical symptoms 
associated with obesity [86].

Similarly, in a recent randomized clinical trial, obese individuals that were ran-
domly assigned to a Mediterranean diet for a 2-year period displayed an increase in 
the genera Bacteroides, Prevotella, and Faecalibacterium and the genera Roseburia, 
Ruminococcus as well as in Parabacteroides distasonis and Faecalibacterium, which 
are known for their saccharolytic activity and ability to metabolize carbohydrates 
to short-chain fatty acids [87]. In another study, adherence to a Mediterranean diet 
characterized by high consumption of vegetables, legumes, and fruits was associ-
ated with the enrichment of Bacteroidetes and increased levels of SCFAs in feces. In 
contrast, nonadherence to the Mediterranean diet was associated with an increase 
in Ruminococcus and Streptococcus, and higher concentrations of TMAO (tri-
methylamine N-oxide) [88]. Furthermore, a recent meta-analysis of 12 randomized 
controlled trials involving 609 overweight and obese adult participants showed that 
consumption of isolated soluble fiber resulted in a reduction in BMI, body weight by 
2.52 kg, fat deposits by 0.41%, fasting glucose by 0.17 mmol/L, and fasting insulin by 
15.88 pg./mL compared to placebo treatment [89]. Numerous clinical trials examin-
ing the effect of the Mediterranean diet pattern on metabolic syndrome as well as a 
meta-analysis of findings from eight studies of more than 10,000 participants and 
five studies have reported positive effects of the Mediterranean diet pattern [90]. 
Some of these benefits include decreased waist circumference (−0.42 cm), increased 
serum HDL cholesterol (1.17 mg/dL), decreased serum TGs (−6.14 mg/dL), decreased 
systolic (−2.35 mm Hg) and diastolic (−1.58 mm Hg) blood pressure, and decreased 
blood glucose (−3.89 mg/dL) in participants who were instructed to consume a 
Mediterranean diet pattern compared with those who were not given instructions to 
change their diet [91].

4.  Health-enhancing physical exercise for the management of excessive 
body weight in middle-aged women

Solving the issue of overweight by workouts in gyms and fitness studios is com-
plicated by periodic bans and quarantine restrictions on the operation of the latter, so 
the search for an alternative becomes particularly relevant. In light of the mentioned 
facts, designing independent preventive and health-enhancing workouts aimed at 
body weight management and their further implementation for middle-aged women 
is a full-fledged alternative for group exercise classes. The need for scientific substan-
tiation of the criteria for assessing the effectiveness of independent workouts aimed 
at body weight management in middle-aged women determined the direction of our 
research.

The treatment of overweight in middle-aged women includes planning, managing, 
and controlling certain indicators to achieve the basic goal, that is, effective manage-
ment of body weight. Body weight measurements are already criteria that allow for 
evaluation of the effectiveness of a body weight management program. However, 
our research allows us to suggest a more comprehensive approach to the organiza-
tion of the management of excessive body weight using physical exercise [92]. We 
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have identified and substantiated a list of indicators of physical condition, which, in 
our opinion, should serve as benchmarks in the planning, management, and control 
of excessive body weight in middle-aged women. Furthermore, we developed the 
recommendations that include the most effective parameters of physical exercise 
workouts aimed at body weight management in middle-aged women. Taken together, 
the proposed approach to planning, managing, and controlling excessive body weight 
can be seen as an original strategy for improving health in middle-aged women.

The following methods were used to address the objectives of the study—theo-
retical analysis of special scientific and methodological literature; anthropometric, 
physiological, and pedagogical methods; and mathematical statistics. The physi-
ological research methods used were as follows—assessment of adaptation potential, 
assessment of the level of physical health using the Apanasenko technique, and 
measurement of vital capacity (VL) using ergospirometric system Oxycom Pro. 
Oxygen saturation was measured with a pulse oximeter Beurer PO 80 (Germany). To 
assess the level of physical fitness and evaluate the maximum oxygen consumption 
(VO2max) as well as the aerobic and anaerobic thresholds, cardiopulmonary exercise 
tests were performed with a treadmill (LE-200 CE, Jaeger, Germany). Pedagogical 
testing included performing several physical fitness tests from the Eurofit battery to 
determine the level of physical condition. The results of the study were subjected to 
statistical data analysis using conventional tools of Statistica 10.0 statistical software.

The data obtained during the study allowed to identify “problematic” indicators of 
physical and functional condition (such as signs of visceral obesity, risks of metabolic 
syndrome, hypertension, tachycardia, and an unsatisfactory level of adaptation 
potential) in overweight women. The identification of “problematic” indicators, 
in turn, allowed to provide recommendations on the most desirable profile of the 
organization of fitness classes for middle-aged women, that is, preventive and health-
enhancing classes. Among the different variations of the means used in the modern 
fitness industry, the programs with preventive and health-enhancing goals are the 
most expedient in the framework of the management of excessive body weight. The 
validity of our recommendations was also confirmed by the results of our study of 
the motivational priorities of fitness classes in middle-aged women (n = 105). Good 
health was indicated as a priority motive for the participation in physical exercise 
classes by 82.7% of respondents. Moreover, a low level of quality of life in the param-
eter of health was observed in the studied contingent according to the Scale of Quality 
of Life (SF-36). Summing up, we can conclude that the most appropriate profile for 
organizations of fitness classes is preventive and health-enhancing classes.

Factor analysis was used to develop the most informative criteria for assessing 
the effectiveness of independent preventive and health-enhancing workouts for 
overweight middle-aged women. As a result of the analysis, four factors were identi-
fied that account for 81.4% of the total variance in the original data. We found that 
the largest factor loadings (42.1% of the total variance of the sample) had indicators 
that characterize physical development. This factor 1 included 14 indicators—chest 
circumference (CC) at inhalation (r = 0.875 at p < 0.01); chest circumference (CC) at 
exhalation (r = 0.848 at p < 0.01); relative muscle mass (r = 0.777 at p < 0.01); chest 
excursion (r = 0.768 at p < 0.01); and basal metabolic rate (r = 0.711 at p < 0.01). 
The following indicators had negative factor loading—abdomen circumference 
(r = −0.927 at p < 0.01); waist circumference (r = −0.926 at р < 0.01); waist-to-hip 
ratio (WHR) (r = −0.922 at р < 0.01); CC (r = 0.893 at р < 0.01); the waist-to-height 
ratio (WHtR) (r = −0.884 at р < 0.01); body weight (r = −0.820 at р < 0.01); BMI 
(r = −0.807 at р < 0.01); and hip circumference (r = −0.732 at р < 0.01). The second 
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most important factor had a 21.2% contribution to the total variance, and identi-
fied 10 indicators that characterize the capacity of the aerobic energy supply and 
functional state. This factor showed a statistically significant direct correlation 
with the following indicators: VO2max (r = 0.945 at р < 0.01); VC (mL) (r = 0.791 at 
р < 0.01); VC (mL/kg) (r = 0.715 at р < 0.01); and IPC (r = 0.714 at р < 0.01). The 
following indicators had negative factor loadings on the second factor: AP (r = −0.936 
at р < 0.01); HR recovery time after 20 squats in 30 s (min) (r = −0.837 at р < 0.01); 
Robinson index (r = −0.832 at р < 0.01); BPsys (r = −0.824 at р < 0.01); Bayevsky’s 
stress index (r = −0.820 at р < 0.01); resting heart rate (r = −0.812 at р < 0.01); and 
BPdia (r = −0.806 at р< 0.01). The third factor had a 9.8% contribution to the total 
variance and consisted of six indicators that characterize the endurance and strength 
abilities. The fourth factor, which had an 8.3% contribution to the total variance, was 
formed by the indicators that characterize coordination abilities.

Taking into account the specifics of the studied contingent and based on the data 
of factor analysis, we selected five indicators that are recommended to use for the 
assessment of the effectiveness of independent preventive and health-enhancing 
exercise workouts for middle-aged women—waist circumference, abdomen circum-
ference, waist-to-hip ratio, adaptive potential, and maximum oxygen consumption. 
To assess the informativeness of the selected indicators, we performed a correlation 
analysis to identify significant relationships.

The waist circumference correlated with 28 of the studied parameters, and the 
correlation coefficients ranged from r = 0.210 at p < 0.05 to r = 0.852 at p < 0.001. The 
abdomen circumference correlated with 29 studied parameters, and the correlation 
coefficients ranged from r = −0.211 at p < 0.05 to r = 0.852 at p < 0.001. Waist-to-
hip ratio (WHR) significantly correlated with 24 indicators of physical condition. 
The adaptation potential showed high correlations with 24 parameters and the 
correlations coefficients ranged from r = 0.222 at p < 0.05 to r = 0.902 at p < 0.001. 
Maximum oxygen consumption was significantly correlated with 18 parameters.

The indicators from the groups of the first and second factors had the highest 
loadings, so we consider them as criteria for effective planning, management, and 
control of body weight.

Furthermore, we experimentally substantiated methodological guidelines for 
the organization of fitness workouts for middle-aged women. We recommend doing 
50–60 min of physical activity 3–4 times a week. Independent workouts should 
include exercise for the development of strength and general endurance with own 
body weight in the mode of alternating performance and aerobic exercise in the mode 
of continuous performance. Depending on the level of individual fitness, we recom-
mend the percentage of special and general exercises ranged from 40–25% and 60 to 
75%, respectively. The target heart rate zone for the aerobic part of workouts should 
be between 140 and 160 bpm for training activities and between 120 and 130 bpm 
for recovery activities. The intensity should range from 50–70% of VO2max. Exercise 
load should be increased by increasing the coordination complexity of the exercises, 
the use of supersets of exercises, and circuit training.

We developed the plant for independent workouts that allowed to achieve a steady 
decrease in body weight and improved physical condition among the studied middle-
aged women. After the study, we observed significant changes in the body weight, 
BMI, and body circumferences, as well as in the anthropometric measurements that 
indicate the harmony of the body: BMI decreased by 11.9%, waist circumference 
decreased by 12.1%, abdomen circumference decreased by 9.6%, and BW decreased 
by 10.6%. The data obtained showed the improvement of cardiopulmonary function 
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and increase in the body’s adaptation potential, as well as the economization of 
cardiac pump function, which was evidenced by the changes in the heart rate, BPsys, 
and BPdia values. The risk of developing hypertension was reduced in the subjects 
as their BP values ranged from 90 to 130 mmHg for systolic pressure and from 65 
to 80 mmHg for diastolic pressure. In women, there were observed statistically 
significant (p < 0.05; p < 0.01) improvements in lung vital capacity and heart rate 
recovery after dynamic exercise, which characterize the cardiopulmonary function. 
An increase of 10.8% in the mean group value of maximum oxygen consumption 
indicates an increase in the level of physical working capacity.

The results of the study demonstrate an example of an effective program for exces-
sive body mass management in middle-aged women and allow to recommend a wider 
general use of the scientifically substantiated methodical guidelines for overweight 
management through health-enhancing physical activity for middle-aged women. 
Assessment of the obesity-related risks (Table 3) helps to establish a population that 
additionally benefits from the suggested weight-loss program. The annual blood 
check with selected hormone level determination and popularity of individual genetic 
tests may be practical tools for the advanced introduction of nutritional lifestyle 
changes and augmentation of physical activity. As well, specific identification of 
microbiome changes, shifts of its metabolite levels, and some genetic SNPs can be a 
basis of efficient individual dietary plan development.

5. Conclusions

One of the main ways of preventing the development of obesity, managing body 
weight, and improving the indicators of physical condition is properly organized 
physical activity and a balanced diet. The combination of a balanced diet with 
increased physical activity will reduce body weight, whereas a change in lifestyle will 
help to maintain the achieved result. Physical activity contributes not only to body 
weight normalization but also has positive effects on metabolic disorders character-
istic of people with obesity and overweight. The effectiveness of physical activity 
can be significantly increased by taking into account a set of biochemical, genetic, 
and microbiome markers. The presented findings of clinical trials and meta-analyzes 

Hormonal changes High risk leptin ↑, insulin ↑, GLP-1 ↓

Moderate risk IL-6 ↑, TNF-α ↑, OPG ↑, C-reactive protein ↑

Genetic variants High risk MC4R (rs17782313), BDNF (rs12291063), FTO (rs1558902), ADIPOQ 
(rs17300539, rs266729), PPARG (rs1801282)

Moderate risk ADCY3 (rs10182181), TCF7L2 (rs7903146, rs7901695), IRS1 (rs2943641), 
PPM1K (rs1440581), MTNR1B (rs10830963), PPARG (rs12629751, 
rs9833097), MTIF3 (rs1885988)

Microbiome 
composition

High risk Firmicutes/Bacteroidetes ↑

Moderate risk Decreased diversity (Bacteroides, Prevotella, Ruminococcus, 
Faecalibacterium, Roseburia, Bifidobacterium ↓)

Intestinal 
metabolite changes

High risk SCFA ↓, deconjugated bile acids ↓

Moderate risk branched-chain fatty acids ↑, TMAO ↑

Table 3. 
Risk factors in developing obesity and resistance to weight-loss intervention programs.
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emphasize the complexity of interactions and the obvious relationships between 
genetic, epigenetic, metabolic factors and gut microbiota in the modulation of 
obesity and its complications. The application of a strategy of personalization of a 
highly effective health-enhancing exercise program, based on genetic, biochemical, 
and microbiome markers, will allow to achieve a high health-promoting effect and 
effectiveness of body weight management and prevent the development and progres-
sion of pathological conditions.
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Medical Weight Management: A 
Multidisciplinary Approach
Wahiba Elhag and Walid El Ansari

Abstract

A wide and interacting range of individual, environmental and socioeconomic 
factors contribute to obesity. As a consequence, weight management strategies 
almost always comprise a mixture of several parallel approaches, each with its 
challenges and unique goals. Broadly, weight management strategies comprise of 
two main strands. The non-pharmacotherapy approach includes various lifestyle 
modifications in terms of dietary therapy, exercise, and behavioral modifications, 
including the prevention of possible relapses. Pharmacotherapy, on the other 
hand, involves several anti-obesity medications, employed as single or combina-
tion therapy. Generally, the goals of weight management should be realistic and 
individualized to patient’s experiences, abilities, and risks in order to maximize the 
likelihood of success. This chapter tackles these weight management strategies in 
turn, explaining each, as well as highlighting their distinctive features and chal-
lenges, effectiveness and safety, requisites, and where appropriate, indications and 
contraindications.

Keywords: obesity, weight management, dietary therapy, behavioral therapy, physical 
activity, exercise, anti-obesity medications, pharmacotherapy

1. Introduction

Obesity has significantly increased over the last years. Obesity is defined as 
excessive fat accumulation that adversely affects health, caused by consuming excess 
energy in relation to energy expenditure. Its etiology is complex and includes genetic, 
physiologic, environmental, lifestyle, psychological, social, economic, and politi-
cal factors that interact to cause obesity (Table 1) [1–7]. Obesity is diagnosed using 
body mass index (BMI, kg/m2), weight in kilogram divided by the height in meters 
squared. Obesity is defined as BMI ≥ 30 kg/m2 while having a BMI 25.0–29.9 kg/m2 is 
considered as overweight.

Obesity increases the probability of many ailments, with increased morbidity/
mortality and decreased quality of life. It is implicated in many health problems 
and complications e.g., hypertension, type 2 diabetes (T2DM), hyperlipidemia, 
cardiovascular conditions, obstructive sleep apnea, metabolic syndrome, chronic 
kidney disease (CKD), nonalcoholic fatty liver disease (NAFLD), osteoarthritis, 
depression and some cancers [8]. These are mainly a consequence of the increased 
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body fat, which result in endocrine and metabolic disturbances as well as increased 
mechanical pressure on various organs [9].

Obesity is a chronic disease given its multifaceted etiology and complex patho-
physiologies. It has characteristic signs and symptoms consistent with anatomical 
changes across various organs (cardiovascular, endocrine, immunological functions) 
and results in complications. Hence, it needs treatment for life; and because it is a 
heterogeneous condition, individual assessment, risk stratification, and management 
are necessary [9].

At the societal level, existing weight loss (WL) therapies are not likely to reduce 
the obesity epidemic, however, at the individual level, they can be useful in reducing 
the morbidity and mortality associated with obesity [10]. Current treatment guide-
lines for overweight and obesity recommend diet, exercise, and behavior modifica-
tion for individuals whose BMI is ≥30 and those with BMI > 27 in addition to two 
weight-related comorbidities [11].

Factors

Individual

Genetic predisposition Monogenic single gene mutation: deficiency of melanocortin-4 receptor (MC4R), 
leptin, or proopiomelanocortin (POMC). Polygenic obesity: contribution of many 
genes. Syndromic obesity: Prader-Willi syndrome

Epigenetic 
modifications

DNA methylation: metabolic status of mother can influence DNA methylation of 
leptin at birth causing obesity. Adiponectin epigenetic status related to obesity

Prenatal Maternal obesity, high weight gain during gestation, gestational diabetes

Neonatal Prematurity

Post-natal Formula versus breast feeding, infant overfeeding

Family history Parental obesity: 3 fold increase risk in offspring if 1 parent is obese and 10 fold 
increase if 2 parents.

Excessive energy intake High calorie diet rich in processed fat and carbohydrates

Physical inactivity Sedentary lifestyle: prolonged screen time, sitting at home or work

Sleep deprivation 
associated with obesity

Due to imbalance of hormones, impaired glucose tolerance, increased nocturnal 
cortisol

Psychological Depression, anxiety, stress

Drug-induced Steroids, insulin, antidepressants (amitriptyline), antipsychotics (clozapine, 
quetiapine)

Gut microbiomes Alteration causes changes in host weight and metabolism leading to obesity

Environmental

Obesogenic 
environment

Easily accessible fast food/ high calorie diets, affordability of food

Built environment Few sidewalks/green spaces, low access to recreational resources

Transport/technology Utilization of cars for transport, less manual jobs

Socioeconomic

Demographic Age, ethnicity (black, Hispanic), menopause

Socioeconomic Low income and educational level

Table 1. 
Factors contributing to obesity.
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2. Goals of treatment

Management targets should be realistic and individualized according to the person’s 
experience, ability, and risks [9]. This is specially important as the long-term treatment 
success is subject to the person agreement to change the daily lifestyle and to follow the 
suggested recommendations. Although improvements in cardiovascular (CV) risk factors 
are observed with as little as 2–3% WL, the existing guidelines propose ≥5–10% (clini-
cally significant WL) during a range of 6 months such WL leads to greater improvement 
in CV risk [12]. Therefore, the aim is long-term weight reduction is to achieve WL target 
of >5% of baseline weight for BMI 25–35 kg/m2, WL target of >10% of baseline weight 
for BMI > 35 kg/m2; improvement in obesity-associated risk factors; eduction in obesity-
related comorbidities; lowering early mortality risk; prevention of work disability and 
early retirement; as well as improving the quality of life improved quality of life [9].

3. Weight loss strategies

3.1 Lifestyle modification

Lifestyle modification program requires holistic approach and the plan of care 
should involve multidisciplinary team of interventionists including physician, dieti-
tian, psychologist, exercise physiologist, health care professionals. In this program, 
patients should be followed every week (30–90 minutes) for 16–26 weeks to ensure 
compliance, then every other week for 6–12 months for weight maintenance [9]. 
Treatment plan includes counseling individuals regarding proper balanced nutrition, 
appropriate physical activity, and long-term weight control strategies.

Lifestyle modification programs can be implemented in many venues e.g., special-
ized obesity clinics, primary care, commercial, private dietetics practice or academic 
medical centers [13–16]. Typically, these programs induce modest WL that results in 
significant improvement in obesity-associated health conditions (sleep apnea, T2D, 
hypertension, hyperlipidemia) as well as positive psycho-social effects (mood, quality 
of life, body image) [17, 18]. Several studies have demonstrated the efficacy of life 
style modification in promoting WL and improving obesity-associated comorbidities. 
We outline two examples of lifestyle modification interventions that validate that WL 
and long-term health advances that can be accomplished via lifestyle modification.

The Diabetes Prevention Program (DPP) randomized more than 3200 participants 
with overweight/obesity and impaired glucose tolerance to placebo, metformin, or 
intensive lifestyle intervention, aiming for 7% WL [19]. Dietitians counseled the 
lifestyle intervention group for 16 individual sessions in the initial 24 weeks, followed 
by ≥1 interaction every other month for the rest of the study [19]. The participants 
were advised to reduce their caloric intake and to follow low fat diet, and to perform 
150 minutes of physical activity per week [19]. After an average of 2.8 years, the mean 
weight loss in the lifestyle intervention group was 5.6 kg vs. 0.1 and 2.1 kg in the pla-
cebo and metformin groups, respectively [19]. This 5.6 kg WL was equivalent to 58% 
relative decrease in the likelihood of developing T2DM [19]. Ten years after the start of 
the study, the lifestyle intervention group had regained most of the weight they lost, 
although their T2DM incidence stayed 34% below that of the placebo group [19].

The Look AHEAD Study (Action for Health in Diabetes) enrolled >5100 over-
weight/obese persons with T2DM [20, 21]. Participants were randomized to diabetes 
support and education group (3 group-education meetings per year for the first 4 years) 
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or an intensive lifestyle intervention group (weekly group treatment sessions, monthly 
individual visit, meal replacement with liquid supplement and 1200–1800 kcal/
day dietary plan individualized by weight) [20]. After 1 year, the lifestyle interven-
tion group lost 8.6% of their weight vs. 0.6% for the diabetes support and education 
group; at the fourth year, average WL was 4.7% vs. 1.1%, respectively [20]. The WL 
was maintained at 8 years (4.7%) for the lifestyle intervention group vs. 2.1% for the 
diabetes support and education participants [22]. In addition, the lifestyle intervention 
participants exhibited significantly lower HbA1C (glycated hemoglobin) and showed 
improvements in CV risk factors including reduced systolic, diastolic pressure and tri-
glycerides [22, 23]. Moreover, the lifestyle intervention group consumed less diabetes, 
hypertension, and lipid-lowering medications and had remissions or decreased in the 
severity of obstructive sleep apnea as well as improved depression symptoms [22, 23].

3.2 Dietary therapy

Several dietary approaches are utilized to achieve WL among overweight and obese 
adults (Table 2). Individuals with obesity should receive personalized nutritional plans 
in line with their therapeutic goals and risk in order to achieve sustainable and healthy 
weight. The choice of a diet should address their preferences to facilitate compliance 
with the dietary plans. Dietary therapy involves individual or group nutritional counsel-
ing. Group sessions are usually more effective. Weight management recommendations 
include healthy eating that emphasize reducing intake of energy dense food, portion 
control, and improving diet quality leading to energy deficit that results on WL on the 
long term without impairing health [24]. For instance, energy deficit of 500–600 kcal/
day permits about 0.5 kg/week WL over 12 weeks, up to a maximum of 24 weeks [25]. To 
achieve WL, various nutrition strategies are employed, and because all the diets assessed 
below have near equivalent short and long-term safety, the selection can be driven by the 
required control of comorbidities such as T2DM and hypertension (HTN).

3.2.1 Low carbohydrate diet (LCD)

LCD provides 20–120 g carbohydrates/day [26] and is used as treatment for 
obesity, T2DM and other obesity-related conditions, with good short and medium-
term WL as well as cardiometabolic control [27, 28]. Reported WL with LCD was 11% 
at 1 year and 7% at 2 years [29]. At the first 6 months, LCD reduces diastolic blood 
pressure (DBP), triglyceride (TG), very-low-density lipoprotein cholesterol (VLDL), 
along with improvement in high density lipoprotein cholesterol and to a lesser extend 
in the low density lipoprotein cholesterol (LDL) [27, 29].

3.2.2 Low fat diet

Comprises 10–30% of total calorie intake from fat [11]. At 2 years, mean weight 
and BMI changes were −3.3 ± 4.1 kg and −1.0 ± 1.4 kg/m2 respectively [27]. Low fat 
diet also results in significant improvement in the CV risk including reduction in 
waist circumference (−2.8 ± 4.3 cm), systolic blood pressure (SBP), total cholesterol 
(TC), LDL, fasting glucose and insulin levels [27, 30, 31].

3.2.3 Low-carbohydrate versus low-fat diets

Several studies compared low-carbohydrate to low-fat diets. A study found that, 
at 6 months, participants assigned to LCD lost significantly more weight than those 
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on a low-calorie and low-fat regimen [32, 33]. However, the WL was not different at 
12 months (−5.1 vs. −3.1 kg) [32, 33]. In another study, participants were assigned to 
LCD or low fat diet in combination with lifestyle modification and both groups lost 
11% and 7% of their TW at 1 and 2 years respectively with no significant differ-
ence between the two group [29]. Hence, successful WL can be accomplished with 
LCD or low-fat diet in conjunction with behavioral therapy. Furthermore, lifestyle 
modification that enables adherence to the proposed calorie goals is more critical for 
WL than the macronutrient constituents per se [29, 34, 35].

3.2.4 High protein diet

In this diet, 25%, 30% and 45% of the total calories are from protein, fat, and carbo-
hydrate respectively, whilst providing foods that achieve energy deficit [11]. Expected 
WL is −3.5 kg at 6 months and may achieve 15% TWL% at 1 year [36, 37]. High protein 

Weight loss strategies Summary

Lifestyle modification

Dietary therapy

Low carbohydrate diet Restrict carbohydrates to 20–120 g per day

Low fat diet 10–30% total calorie intake from fat

High protein diet 25% of total calorie from protein

Mediterranean diet 35–40% fat, rich in omega-3, whole grains, fruits, vegetables, legumes, nuts, fish

Low calorie diet Energy deficit of 500–800 kcal/day

Ketogenic diet Reduced carbohydrates (<50 g/day), rich in protein

Very low-calorie 
ketogenic Diet

Energy intake < 800 calories, protein 1.2–1.5 g/kg of ideal body weight, fat 
15–30 g/day, carbohydrates < 30 g/day

Meal replacements Liquid formula or bars

Exercise

Aerobic Important during weight loss phase

Resistance Increase muscle mass, for weight maintenance

Behavioral modifications

Behavioral skills

Self-monitoring Weight, food record, exercise minutes

Goal-setting Weight, calorie intake, exercise

Stimulus control Keep tempting foods out of sight

Behavioral substitution Relaxation techniques

Cognitive skills

Problem-solving Tactics to deal with weight-related health behaviors (social eating)

Cognitive restructuring Identify/modify maladaptive thoughts contributing to overeating/physical 
inactivity

Relapse prevention Learn to get back on track, maintain long term motivation, stress management

Pharmacotherapy Single/combination anti-obesity medications

Table 2. 
Summary of weight loss strategies.
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diet could result in significant reduction in BP, fasting glucose and insulin level as well 
as significant improvement in lipid profile including LDL, TC, TG and HDL [36, 37].

3.2.5 Mediterranean diet

It has moderate amount of fat (35–40%) and is rich in Omega-3, where the 
primary fat source is extra virgin olive oil. Mediterranean diet has more whole grains, 
fruits, vegetables, legumes, nuts, fish and seafood, with limited poultry, dairy, red 
meat and usually prescribed with energy restriction to achieve WL [11, 27]. Reported 
WL at 2 years is −3.4 kg (−5.1 to −3.0). In addition, it decreases waist circumference, 
improves SBP, HDL and glucose levels [27].

3.2.6 Low calorie diet

Low calorie diet is based on balanced nutrition where 45 – 55% of intake is from 
carbohydrates, 15–25% is from proteins, and 25–30% is from fat [38]. It must be 
tailored to individual energy requirements, sex, age, and physical activity [38]. The 
diet’s composition should be modified to minimize comorbidities e.g., T2DM, HTN, 
hyperlipidemia [38]. This diet is should be designed to result in energy deficit of 
500–800 kcal/d. Therefore, women can be prescribed 1200–1500 kcal/d and men 
1500–1800 kcal/d. Low calorie diet with relatively high protein contents facilitates 
WL and prevents weight regain due to the greater satiety and energy expenditure 
through diet-induced thermogenesis and preservation of lean muscle mass. Studies 
reported weight loss of 11 kg at 26 weeks [39]. In addition, significant improvement in 
CV risk factors was observed with this diet such as BP, waist circumference, glucose, 
insulin level and lipid profile (TC, TG) [40–42].

3.2.7 Ketogenic diet

This diet has been utilized since 1920s as treatment for epilepsy and has been 
shown in some case to reduce or eliminate the need for epilepsy medications for 
epilepsy drugs. It became a common method for obesity treatment since the 1960s. 
This diet has therapeutic potential in many obesity-associated conditions, e.g., T2DM, 
polycystic ovary syndrome, acne, and cancer [43]. Ketogenic diets comprise reduced 
carbohydrates (<50 g/day) with an increase in protein and fat [43].

3.2.8 Very low-calorie ketogenic diet (VLCKD)

This provides energy intake of <800 calories/day, protein 1.2–1.5 g/kg of ideal 
body weight, carbohydrates of <30 g/day and 15–30 g of fat/day [26, 44, 45]. The low 
carbohydrate stimulates lipolysis of stored fat and synthesis of ketone bodies utilized 
as fuel by extrahepatic tissues. Ketosis associated with VLCKD is always moderate 
(ketonemia never >3 mmol/L) and is different than diabetic ketoacidosis [45]. WL 
(0.5–2.0 kg/week) is achieved as a result of the proteins’ satiety effect on appetite 
hormones, appetite-suppressant actions of ketone bodies and also due to the decrease 
in diminished lipogenesis along with increase in lipolysis [46].

VLCKD is delivered through a mix of meal replacements that include protein (milk, 
peas, whey, soy) and natural food to improve patient compliance. Daily vitamins and 
minerals are also provided [45]. VLCKD is advised for BMI ≥30 kg/m2 for a maximum 
of 12 weeks. This diet should be under medical supervision as there is increased risk of 
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side effects such as dehydration, nausea, diarrhea, constipation, hyperuricemia, gall-
stones, and vitamin/microelement deficiencies [45]. Studies have shown that at 4 weeks, 
VLCKD resulted in significant WL (6–37% TWL%), improvement in BMI (−5.3 kg/m2), 
SBP, DBP, insulin resistance (HOMA-IR) and lipids (TG, TC, HDL) [47–49]. Similar 
findings were also reported among obese diabetic patients, where VLCKD achieved 
significant WL at 3 months (8.5%) and 12 months (11.5%) and improvement in blood 
glucose [50]. Moreover, 26.6% of the patients who completed the study were able to stop 
all antidiabetic medications, while 73.3% took metformin only [50].

3.2.9 Meal replacements

Meal placements is produced in different forms such as drink, bars or soup to 
substitute solid food. They have controlled calories and nutrient contents and are 
commonly used in energy restricted diet to facilitate WL. It also contains the neces-
sary vitamins and minerals. Many studies reported the effectiveness of utilizing meal 
replacements as dietary intervention for weight management [51–53]. Participants 
who replaced two meals and two snacks per day with liquid shakes and meal bars lost 
7.1 kg in 3 months compared to 1.3 kg for individuals on conventional foods with the 
same calories (1200–1500 kcal/d) [54]. Moreover, those who substitute 1 meal and 1 
snack a day during follow-up maintained a WL of 10.4 kg at 27 months [54]. Similarly, 
the use of meal replacement in patients with T2DM resulted in significant WL at 
12 months compared to conventional diet (−4.4 vs. −2.4 kg, P = 0.07), with signifi-
cant glycemic (HbA1c) improvement and reduced medications [52].

3.3 Exercise

Exercise improves body composition and CV health independent of WL [55, 56]. 
In the absence of significant WL, aerobic exercise improves blood pressure (BP), 
lipids, and visceral fat [57–61]. The reduced visceral fat improves glucose tolerance 
and insulin sensitivity in nondiabetic individuals as well as glycemic control in dia-
betic patients [62, 63]. Exercise also leads to positive changes in quality of life, vitality 
and mental health [56]. Therefore, individuals with obesity should be encouraged to 
exercise to improve their CV health, rather than lose weight only [34, 64].

Guidelines for care of patients with obesity include recommendations for “aerobic 
training of ≥150 min/week of moderate intensity, with better outcomes with increas-
ing amounts and intensity of exercise” [12]. However, PA alone induces limited WL 
[65], unless it is accompanied by energy restriction. For instance, losing 0.45 kg/week, 
requires high PA is (e.g., walking 35 miles/week), but is feasible to be accomplished 
by decreasing food intake by 500 kcal/day. Hence, effective WL requires exercise 
>150 min/week with 1200–1800 kcal/week energy consumption [65]. Exercise com-
bined with decrease caloric intake produces greater WL than exercise or caloric restric-
tion alone. Hence, PA should be paired with adjusted caloric intake to achieve optimal 
WL and body composition. Physical activity should be prescribed according to patient’s 
ability, preference. It is also important to ascertain that there are no contraindications to 
physical activity particularly in individuals with BMI of 35 kg/m2 or higher.

3.3.1 Aerobic exercise

Aerobic exercise is essential for weight management. It facilitates weight loss and 
improves body composition by inducing fat and visceral fat loss [66]. One study 
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found that supervised exercise with 400 or 600 kcal/session five days/week for 
10 months resulted in 3.9 ± 4.9 and 5.2 ± 5.6 kg among overweight or obese individu-
als respectively compared with weight gain (0.5 ± 3.5 kg) for controls [67]. Aerobic 
exercise intensity also influences WL. Among sedentary college students with obesity, 
12 weeks of high and moderate intensity training led to significant reduction in 
body weight, BMI, waist circumference, and body fat percentage than light intensity 
training [68]. Likewise, the time of the session is essential for body weight outcomes, 
where early-exercise (50% of sessions between 7 and 11.59 am) led to significantly 
more weight loss compared to late-exercise (>50% of sessions between 3 and 7 pm) 
[69]. In contrast, there is no significant difference in terms of weight loss between 
continuous and intermittent exercise. For example a study compared the effect of 18 
months of continuous (3 times/wk, 30 min/session) versus intermittent (5 times/wk, 
15 min/session) aerobic exercise in overweight and obese individuals and found small 
reductions in weight (2.0%) in the continuous training group with no significant 
change in intermittent groups [70].

3.3.2 Resistance exercise

This type of exercise may not result in WL if performed alone because it does not 
generate enough negative energy balance to achieve clinically significant weight loss 
when compared with aerobic exercises [71]. Aerobic exercises have superior total 
energy expenditure when compared to resistance exercises [72]. Combinations of 
aerobic and resistance exercise provide greater benefits for WL, fat loss and cardio-
respiratory fitness than aerobic or resistance exercise alone [73]. Resistance training 
might support negative energy balance by augmenting the lean mass, resting meta-
bolic rate, and the oxidation of fat and may assist with weight maintenance [65, 72].

3.4 Behavioral modifications

The cornerstone treatment of obesity is a lifestyle modification program that con-
sist of diet, exercise, and behavior therapy. Psychotherapists use group or individual 
behavior therapy to provide principles, techniques and skills to alter the eating and 
exercise patterns and to facilitate achievement of energy intake and expenditure goals 
[10]. When overweight/obesity is accompanied with serious symptoms (e.g., depres-
sion, eating disorders, and lack of motivation), then psychiatrists should be involved 
in the care patients [74]. Various strategies should be adapted to the individual situa-
tion and the patient’s needs [75]. Typical behavioral WL programs include 60–90 min 
weekly sittings for 6 months followed by maintenance gatherings every other week 
through another 12 months to prevent weight regain [34].

3.4.1 Behavioral skills

3.4.1.1 Self-monitoring

Teaching participants to self-monitor their eating, PA and progress is a behavioral 
therapy technique known as self-monitoring. It is a key strategy in behavioral therapy 
of obesity. Self-Monitoring increases self-awareness of personal behaviors as it slows 
down the decision-making processes, allowing individuals to make healthier choices 
[76]. Although self-monitoring of food and energy is considered the most important 
skill in behavior therapy, however it can be difficult to implement. For example, 
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reporting the lack of ability to lose weight underestimated their food consumption by 
50% [77]. Hence, patients require education on using measurement tools, nutrition 
labels, and calorie guides. They should also be encouraged to make note of the time, 
amount, preparation, and calorie of foods and beverages and bring their records to 
group meetings for feedback.

PA is also important to be monitored in behavior therapy. Participants are 
instructed to record the type and amount of their PA. Pedometers provide immediate 
feedback, encouraging participants to gradually increase their energy expenditure 
and the number of steps reach the target of 10,000 steps per day [78]. Self-monitoring 
should be daily for the first 6 months and then intermittently during maintenance. 
Participants are instructed to record their intake and PA daily and bring their books 
to individual or group meetings. Research demonstrated strong associations between 
adherence to self monitoring of dietary consumption, self-weighing, and PA and WL 
where greater frequency and more days of self-monitoring corresponded to greater 
monthly WL [79, 80].

3.4.1.2 Goal-setting

Setting personal targets is an important behavioral element in weight manage-
ment. To modify behavior, participants need to set specific quantifiable achievable 
PA and dietary goals (e.g., consume ≤1200 kcal) [76]. Setting weight management 
goals is better when tied to health benefits such as better blood pressure control or 
improved lipid profile to increase motivation and adherence [76]. Similarly, short-
term goals are more effective than longer-term goals. More importantly, goals need 
to be realistic, yet challenging. Deciding on reasonable, achievable goals supports 
long-term success. Therefore, is better to set easier goals initially and increase them 
gradually as the participant progresses to facilitate adherence and increase the sense 
of accomplishment [81, 82]. Patients frequently assume they need to lose much 
weight to be successful. Helping patients choose an achievable WL goal (e.g., 5% WL) 
strengthens adherence. Studies have shown that participants who set targets were 10.3 
times more likely to accomplish WL ≥10% at 1 year was compared to those who did 
not [81]. Goal setting related to diet or PA was found to be more predictive of adher-
ence to dietary and physical activity strategies than goal setting related to weight 
loss [82].

3.4.1.3 Stimulus control

Stimulus control strategies focus on changing an individual's environment to rein-
force healthy changes [76]. Behavioral treatment teaches participants to reorganize 
their environment in order to lessen the cues for inappropriate food consumption, 
and increase those for appropriate diet or physical activity [83]. For instance, if a 
person frequently snacks on the couch or while watching television, the act of sitting 
on the sofa or watching television becomes a cue to future snacking. To modify this, 
participants need to confine their meals to the dining room to decrease the cues asso-
ciated with eating [84]. Likewise, individuals may keep tempting food out of sight or 
remove them from home to limit consumption. Similarly, individuals are encouraged 
to buy more fruits and vegetables and make them more visible by storing in obvious 
places. A reminder notes about healthy eating and exercise on the refrigerator or 
bathroom mirror could also be a useful strategy to alter the home environment and 
promote healthy habits.
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3.4.1.4 Behavioral substitution

Many individuals eat as a reaction to emotional stimuli (e.g., anger, boredom, stress, 
anxiety, frustration), with has substantial impacts on weight and health. Self-monitoring 
assists individuals in behavior therapy to recognize non-hunger cues to snack and replace 
eating with different behaviors. Individuals and their relatives need to find other means 
to deal with negative feelings [76]. If a person eats when anxious, practicing relaxation 
techniques or alternative activities such as writing, knitting, housekeeping, and exercis-
ing in response to anxieties could be more useful as these activities hinder eating.

3.4.2 Cognitive skills

Cognitive approaches to behavior change are also utilized in the behavioral 
treatment of obesity. The two most commonly taught skills are problem-solving and 
cognitive restructuring.

3.4.2.1 Problem-solving

Individuals may face obstacles when attempting to make lifestyle changes [76]. 
In order to support participants during this process, it is important to train them in 
problem-solving skills. This problem solving tactics help patients explore their weight-
related health behaviors. Using a multistep interactive behavioral strategy, they iden-
tify a problem that hinders their WL, contemplate outcomes associated with different 
choices, choose the healthiest, implement a specific plan, assess the success of the 
selected solution and repeat the problem-solving process if necessary [74, 76]. Group 
visits is useful in helping participants to engage in problem solving of a given health 
aspect, learn from the way other people solved similar problems and creating solutions 
specific to their situation [76]. A 6-month lifestyle intervention for obesity involving 
problem-solving skills resulted in 8.8% reduction in body weight [85]. Weight change 
was associated with increased problem-solving skills and higher adherence to treat-
ment [85]. Moreover, participants with WL > 10% had greater problem-solving skills 
than those with <5% reduction [85].

3.4.2.2 Cognitive restructuring

Behavior therapy trains individuals to observe the thoughts that hinder their 
capacity to achieve behavioral targets, recognize distortions in those thoughts, and 
exchange dysfunctional thoughts with more rational ones. Cognitive restructuring 
identifies and modifies maladaptive thoughts that promote overeating and lack of 
exercise. Such thoughts can be dichotomous thinking (“As I am unable to exercise for 
30 minutes, I might then not exercise at all”) and rationalization (“I had a stressful 
day, this justifies a portion of cake”). Participants are unaware of the effect of these 
thoughts on behavior. With cognitive restructuring participants learn how to develop 
a positive self statement to facilitate behavioral modifications [86].

3.4.3 Cognitive behavioral therapy

Behavior therapy include cognitive strategies to modify eating and activity 
behaviors [87]. It focuses on altering the cognitive and behavioral mechanisms 
that causes the problem behavior, and utilize cognitive and behavioral strategies to 
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make positive changes in such behavior. Cognitive behavioral therapy resulted in 
significant improvement in anthropometric profile, eating behaviors, quality of life 
across physical, psychological, social, environmental domains, as well as reduced 
depression [88].

3.4.4 Relapse prevention

Assisting individuals to prepare and plan for relapse prevention includes educating 
them to foresee challenging situations that could result in overeating, and to utilize 
strategies to overcome such intervals. Individuals are motivated to plan so that one 
overeating mistake does not become a full-scale relapse [89]. A WL maintenance 
program, implemented via telephone that addressed outcome satisfaction, relapse-
prevention planning, self-monitoring, and social support found that at 56 weeks, 
there was statistically significantly less weight regain in the intervention group 
(0.75 kg) than those receiving usual care [89].

As for the technology use for lifestyle modification: Behavioral treatment improves 
adherence to lifestyle intervention, but face-to-face delivery is time and resource 
intensive and travel time is costly and inconvenient. Using the telephone or internet 
provide cost-effective delivery of lifestyle interventions to many individuals [84, 90]. 
A study compared the efficacy of phone versus face-to-face clinic approach to achieve 
10% WL found that WL at 12 weeks was 10.4% for phone, 13.7% for clinic visits, and 
both were significantly more than the control group (0.24%) [91]. Individual tele-
phone counseling to provide extended care for obesity management in rural commu-
nities diminished the weight regain and increased the proportion of participants who 
maintained clinically significant WL [92]. Likewise, evidence indicates that Internet-
based interventions are better when compared to no or minimal intervention but are 
less efficacious than in-person treatment [93] . An Internet behavioral WL program 
resulted in 8 kg, 5.5 kg and 6 kg WL for in person, internet, and hybrid respectively 
(p < 0.01), suggesting that internet is a viable alternative for delivery and dissemina-
tion of behavioral weight-control interventions [93]. Smart-phone applications are 
recently gaining popularity for weight management but its effectiveness has not been 
proven in the long term. A randomized controlled trial among overweight/obese 
young adults reported that at 6 months, individuals who received personal coaching 
enhanced by self-monitoring using a smartphone lost significantly more weight than 
the controls, but not at 12 or 24 months [94]. Moreover, WL loss outcomes in the 
group who received lifestyle intervention through interactive smartphone application 
only was not superior to control in WL [94]. 

4. Pharmacotherapy

Pharmacotherapy can counteract the increase in appetite the decrease in energy 
expenditure that occur as an adaptive mechanism to weight loss which, improve 
adherence to lifestyle modifications. Pharmacotherapy is indicated for BMI ≥30 
or BMI ≥27 with obesity-associated conditions [95]. It is prescribed together with 
comprehensive diet, physical activity and behavioral therapy to achieve adequate 
WL, and should result in clinically significant WL (≥5% mean TWL%). Anti-obesity 
medications are prescribed according to their efficacy and safety, the type of obesity 
associated comorbidities. Several medications are approved for obesity management 
(Table 3).
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4.1 Single medication

4.1.1 Phentermine

Phentermine is a sympathomimetic amine approved in 1959. It increases hypotha-
lamic catecholamine secretion and resting energy expenditure to suppresses appetite. 
Phentermine is the most frequently used obesity medication in the USA [96]. It is 
indicated for short-term (3 months), as no long-term safety research exists, but it 
was approved in combination with topiramate extended release (ER) for long-term 
therapy. However, many obesity physicians prescribe it for >3 months as off-label 
therapy for weight management [96]. It is available in 8, 15, 30 and 37.5 mg (single 
dose early in the day to prevent insomnia). Side effects are mild and due to sympatho-
mimetic effects e.g., dry mouth, insomnia, agitation, constipation and tachycardia. 
Administering the lowest effective dose decreases the side effects. Phentermine is a 
schedule IV-controlled substance, and it is contraindicated in patients with history of 
cardiovascular disease, anxiety, hyperthyroidism, drug or alcohol abuse/dependence. 
Other contraindications include concomitant treatment with monoamine oxidase 
inhibitors, pregnancy and breastfeeding [97]. Expected WL with phentermine is 
3.6 kg at 6 months [98]. After 6 months, phentermine 15 mg induced a WL of 4.5 kg 
over placebo [99]. Forty-six percent of participants on phentermine lost ≥5% of their 
weight, while 20.8% lost ≥10% [99].

4.1.2 Liraglutide

Liraglutide 3 mg is an FDA-approved injectable GLP-1 agonist. A gut-derived 
incretin hormone, it stimulates the GLP-1 receptor in the pancreatic islets, increases 
the delivery of insulin and lowers glucagon secretion [100]. It mediates WL through 
peripheral and CNS pathways, inhibits gastric emptying, promotes satiety and 
reduces hunger thereby decreasing food intake. The most common side effects 
encountered with liraglutide are nausea, vomiting, diarrhea, constipation and 
dyspepsia. These symptoms are usually mild and improve within days or weeks 
with continuation of treatment and gradual dose titration of the dose. WL with 
liraglutide may also increase the risk of symptomatic gallstones, and in rare cases 
may cause pancreatitis. Liraglutide is contraindicated in severe renal/hepatic insuf-
ficiency, pregnancy, history of pancreatitis or major psychiatric disorder [101]. In 
terms weight loss, liraglutide resulted in 5.4% weight loss at one year in large RCT 
[102]. A total 63.2% of the participants in the liraglutide group lost at least 5% of 
their weight compared with 27.1% in the placebo group (P<0.001)[102]. Likewise, 
33.1% of liraglutide group lost more than 10% of their body weight versus 10.6% in 
the control group(P<0.001) [102]. Moreover, cardiometabolic risk, inflammatory 
markers, glycaemic parameters, blood pressure and lipids also improved [102]. For 
weight maintenance, the SCALE study found that among individuals who lost 5% of 
their initial body weight on a low-calorie diet, liraglutide added another 6.2% TWL% 
vs. 0.2% in the placebo group [103].

4.1.3 Semaglutide

Approved in 2019, semaglutide is a long-acting GLP-1 analogue that mimics the 
effects of native GLP-1, stimulating WL by decreasing the energy intake and hunger, 
increasing satiety, and enhancing glycemic control [104]. It is approved for treatment 
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of T2D using ≤1.0 mg once weekly subcutaneously or as tablets at a dosage of up to 
14 mg. Side effects and contraindications are similar to liraglutide (Table 3). In STEP 
1 trail, semaglutide 2.4 mg resulted in significant TWL% at 68 weeks compared to 
placebo (−14.9% vs. − 2.4%) [105]. More participants on semaglutide than placebo 
achieved ≥5% TWL% (86.4% vs. 31.5%), ≥10% (69.1% vs. 12.0%), and ≥ 15% (50.5% 
vs. 4.9%) [105]. Moreover, semaglutide led to more improvement in cardiometabolic 
risk and physical functioning than placebo [105]. In the STEP 4 trial, individuals 
completing a 20-week run-in period with semaglutide 2.4 mg once per week, mainte-
nance with semaglutide resulted in continuous WL over the next 48 weeks compared 
to switching to placebo (−7.9% vs. +6.9%) [106].

4.1.4 Orlistat

Approved in 1999, orlistat is the single anti-obesity medication that does not 
function via the CNS pathway. Instead, it inhibits pancreatic and gastric lipases, 
reducing absorption of 25–30% of ingested fat [101]. The recommended dose is 
120 mg three times per day up to 1 hour after food intake. Side effects are related 
to fat malabsorption and include steatorrhea, oily spotting, flatulence, and fecal 
incontinence. The gastrointestinal symptoms can be reduced by a low-fat diet and 
increasing intake the dietary fiber [107]. Multivitamin supplementation is essen-
tial, as orlistat decreases absorption of fat-soluble vitamins (A, D, E, K). Orlistat 
resulted in a mean 2.9–3.4% weight loss at one year [107]. Long term WL (4 years) 
can reach 5.8 kg, where 53% of participants lost ≥5% of their weight, and 26.2% 
lost ≥10% of their weight [108]. Orlistat also reduces the serum glucose levels and 
increases insulin sensitivity. Individuals with T2DM prescribed orlistat 120 mg 
exhibited significantly more reduction in fasting blood glucose and HbA1c com-
pared to placebo [109].

4.2 Combination medications

4.2.1 Phentermine-topiramate ER

This long-acting combination was approved in 2012. Phentermine is a short-
term appetite suppressant; topiramate is an antiepileptic and migraine medication 
[107]. The mechanisms of appetite suppression is not well understood, perhaps vis 
modulation of gamma-aminobutyric acid receptors [110]. Because of its anorexigenic 
properties, it is used off-label for obesity and binge eating, alone or combined with 
phentermine. Phentermine/topiramate ER is available as 4 doses daily (Table 2), 
taken in the morning, titrated every 2 weeks and stopped if 5% WL is not accom-
plished within 12 weeks on maximum daily dose 15/92 mg [111]. Phentermine/
topiramate ER, a schedule IV controlled substance. The FDA (Food and drug admin-
istration) requires a Risk Evaluation and Mitigation Strategy to inform physicians and 
women of reproductive age about potential increased likelihood of orofacial clefts in 
infants exposed to phentermine/topiramate ER during the first trimester of preg-
nancy [97]. The side effects are those of phentermine and topiramate. Topiramate has 
dose-dependent side effects and this include cognitive side effects such as psychomo-
tor slowing, diminished concentration, memory impairment and language difficulties 
(Table 3) [111]. Many side effects of topiramate are due to the inhibition of carbonic 
anhydrase activity, such as metabolic acidosis, hypokalemia, renal stones, angle-
closure glaucoma, myopia, and anhidrosis. Therefore, topiramate should not be given 
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with other medications that inhibit carbonic anhydrase [111]. Rare side effects also 
include increased suicidal thoughts or ideations, where the drug should be stopped 
immediately.

Phentermine/topiramate ER resulted in significantly greater WL compared to 
placebo where participants in the 3.75/23, and 15/92 groups lost 5.1%, and 10.9% 
of their baseline weight, respectively compared with 1.6% in the placebo group 
[112]. Moreover, 44.9% of 3.75/23 group, and 66.7% of 15/92 group, lost ≥5% of 
their weight after 56 weeks of treatment compared to 17.3% of the placebo group 
(p<0.0001) [112]. Phentermine/topiramate ER for 52 weeks also resulted in 76% 
reduction in the progression to diabetes in participants receiving 15/92 mg and a 54% 
reduction in participants receiving 7.5/46 mg compared with placebo [113].

4.2.2 Naltrexone-bupropion sustained release (SR)

A combination approved in 2014, bupropion (dopamine and norepinephrine 
reuptake inhibitor) is used for depression and smoking cessation treatment while nal-
trexone is an opioid antagonist [97, 111]. Their combined use has synergistic effect on 
appetite suppression [111, 114]. Bupropion inhibits food consumption and increases 
energy expenditure by stimulating the neuropeptide pro-opiomelanocortin (POMC) 
and supplementing dopamine activation, which is lower among obese individuals 
[111]. Naltrexone is used for treating opioid and alcohol dependence [97]. It inhibits 
the appetite-enhancing influence of beta-endorphin caused by cannabinoid-1 recep-
tor stimulation.

Starting with one tablet (8 mg ER naltrexone and 90 mg ER bupropion) daily, the 
dose is increased by one tablet per week to a therapeutic dosage of two tablets two 
times per day (32/360 mg). The medication should be discontinued if WL ≥ 5% is not 
achieved at 16 weeks [97]. The most common side effects are highlighted in Table 3. 
The medication is contraindicated with monoamine oxidase inhibitors and chronic 
opioids. It is also contraindicated in patients with uncontrolled HTN, and history of 
seizures. Bupropion increases the risk of suicidality in patients younger 24 years and 
therefore they need to be observed closely for mood changes [97].

Studies have shown that patients on naltrexone/bupropion 360/32 mg had a mean 
6.1% WL in comparison to 1.3% for those on placebo; and 48% of naltrexone/bupro-
pion individuals lost >5% body weight compared to 16% of placebo patients [114]. 
Others reported that 44.5% of patients on naltrexone/bupropion lost ≥5% of their 
body weight after 56 weeks vs. 18.9% on placebo [115]. Furthermore, the medica-
tion resulted in better glycemic control and improvements in triglycerides and HDL 
cholesterol when compared to those on placebo [115].

5. Conclusions

Obesity is a chronic condition with considerably increased morbidity and mortal-
ity. Obesity has complex genetic, physiological, behavioral, sociocultural, and envi-
ronmental etiologies. Hence, a multi-pronged and comprehensive strategy is critical. 
Lifestyle and behavioral modifications are key in the treatment of obesity, combined 
with diet, exercise, and behavioral therapy to achieve adequate WL. Pharmacology 
should be considered for individuals not responding to lifestyle modifications or 
those who have difficulty maintaining the weight loss initial achieved by lifestyle 
modifications.
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Acronyms and abbreviations

BMI body mass index
T2DM type 2 diabetes
CKD chronic kidney disease
NAFLD nonalcoholic fatty liver disease
WL weight loss
CV cardiovascular
vs versus
HbA1c glycosylated hemoglobin refers to glucose and hemoglobin joined 

together (the hemoglobin is ‘glycated’) and the normal range for the 
HbA1c level is between 4% and 5.6%

BP blood pressure
SBP systolic blood pressure
DBP diastolic blood pressure
TG triglyceride
VLDL very-low-density lipoprotein
LDL low-density lipoprotein
HDL high-density lipoprotein
TW total weight
TWL% total WL percentage
TC total cholesterol
HTN hypertension refers to high blood pressure defined as systolic 

140 mm Hg or higher and diastolic: 90 mm Hg or higher
VLCKD very low-calorie ketogenic diet
HOMA-IR homeostasis model assessment-insulin resistance
PA physical activity
ER extended release
SR sustained release
POMC pro-opiomelanocortin
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Chapter 8

Resistance Training and Weight 
Management: Rationale and 
Efficacy
Ina Shaw, Travis Triplett and Brandon S. Shaw

Abstract

In addition to the impact of normal ageing on body composition, increasing 
levels of sedentariness reduce an individual’s ability to mobilise fat, resulting in an 
altered body composition characterised by increased fat mass, and more specifically 
an increased total and abdominal fat, and reduced muscle mass. While exercise, 
and aerobic exercise in general, has been promoted as a means to maintaining an 
appropriate body weight, aerobic exercise should not be considered as the golden 
standard to do so. This is because resistance training (RT) has an unsurpassed ability 
to improve lean mass along with other simultaneous improvements in multiple body 
composition parameters. An increased muscle mass is essential in that it is the amount 
of exercising muscle that determines the magnitude of lipolysis (fatty acid release 
from adipocytes) during exercise. In addition, an increased muscle mass results in an 
elevated basal metabolic rate (BMR) and resting metabolic rate (RMR), effectively 
increasing the amount of energy or calories utilised even at rest. RT is especially 
useful in the general population for weight management in that the ideal form of 
RT required for improvements in body composition is of moderate intensity, which 
reduces the risk of injury and improves adherence.

Keywords: body composition, kinanthropometry, obesity, overweight,  
resistance exercise, strength training, weight training

1. Introduction

Overweight and obesity are global health problems affecting more than 1.1 billion 
adults [1]. This is problematic in that overweight and obesity are prominent risk fac-
tors for the development of numerous conditions and diseases, including cardiovascu-
lar, pulmonary and metabolic diseases, such as diabetes mellitus [1, 2]. Consequently, 
overweight and obesity then result in enormous burdens on the healthcare system and 
burgeoning healthcare costs [3]. In weight loss regimes, it is important to note that the 
use of the term “overweight” is a misnomer, since overweight and obesity are situa-
tions of an individual being “overfat” and not just having a high weight [4].

Weight loss is a common aim for athletes, obese, overweight and even nor-
mal weight individuals. However, an optimal weight loss programme should 
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concomitantly reduce body fat while maintaining lean mass [5]. As such, the relative 
effect of various interventions should be assessed on how they impact body com-
position, rather than weight loss. In this regard, body composition is the amount or 
percentage of tissues within in the body, primarily including body fluids, bone, fat 
and muscle tissue an individual has. Typically, body composition is defined as the 
distribution of the body tissues into extracellular water, fat-free mass/lean mass and 
fat mass [6]. In this regard, two individuals of the same gender, height and weight can 
look completely different because of differences in body composition.

Further, in addition to total fatness, fat topography or distribution in the body has 
been found to be even more important for health promotion and disease prevention 
[7, 8]. This is so since abdominal visceral fat deposition is especially associated with 
an increased risk for a variety of health problems and metabolic disturbances such 
as “syndrome x” [9]. An increased intra-abdominal visceral fat even in the absence 
of a high body mass index (BMI) or generalised obesity can increase mortality and 
morbidity from chronic diseases and health conditions such as heart disease, hyper-
tension and diabetes mellitus [7].

2. Exercise as an adjunct weight loss strategy

The most common strategy employed globally for weight loss is the use of dietary 
intervention or the cutting of calories [10]. This strategy is based on the “calories in 
versus calories out” model and maintains that you will lose weight if you take in less 
calories than you use. Problematically, the human body is more complex than that. 
Human bodies are not static and have a multitude of fluctuations in energy needs, 
such as stress and activity levels. Further, even the timing and composition of meals 
will affect nutrient intake, such as the thermic effect of food [11].

Further reasons against the use of caloric restriction strategies for weight loss arise 
from research findings that treatments relying only on energy restriction commonly 
cause substantial loss of lean mass [12]. Further, severe caloric restriction is also 
associated with impairment of muscle dysfunction and aerobic capacity, which is 
especially detrimental for athletes [13].

Thankfully, the addition of exercise, has frequently been shown to mitigate this 
loss in lean mass and physiological impairments [12], and potentially offset athletic 
performance decrements. Exercise is especially useful with weight loss in that it 
acutely increases energy and lipid utilisation and contributes to increases in lean 
mass and metabolic rate, which indirectly aids weight loss [14]. It is for this reason 
that exercise is considered an important component of weight loss and perhaps 
the best predictor of weight maintenance [15]. Specifically, at least 30 min a day 
of moderate intensity aerobic exercise per day is recommended for weight loss and 
maintenance but greater amounts appear to increase the magnitude of weight loss 
and maintenance [15].

3. Resistance training as an adjunct weight loss strategy

It is critical to note that many weight loss programmes incorporating diet-only 
and/or even aerobic-only exercise results in weight loss as a result of a deleterious 
reduction in muscle mass [16], sometimes even without a decrease in fat mass [16]. 
When it comes to weight loss, it is clear that a combination of interventions is more 
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effective than a single intervention strategy [17]. Thus, it is critical for clients and 
health professionals alike to emphasis body recomposition, rather than weight loss, 
since it focuses on the process of changing the ratio of fat and lean mass, with a 
focus on losing fat mass while gaining muscle mass. In this regard, research indicates 
that resistance training (RT) as an exercise modality is most effective at increasing 
lean mass [8]. RT, also known as strength training or weight training, is any type of 
exercise in which a muscle or muscle group has to overcome some sort of external 
resistance. This can be achieved through a variety of techniques, including incre-
mental weight increases, the use of a variety of exercises and types of equipment to 
target specific muscles or muscle groups. As such, RT can also incorporate a variety 
of training techniques, such as callisthenics, Pilates, yoga, free weights, weight 
machines, resistance bands, isometrics, high-intensity interval training (HITT) and 
plyometrics.

Problematically, a challenge to body recomposition and RT’s unpopularity in 
weight management is that this loss in fat mass coupled with an increase in fat 
mass results in a relatively stable weight, that is undesirable by those engaged in 
“weight loss”. In addition, due to this stigma of an increased muscle mass following 
RT, many individual engaging in a weight management programme fail to engage 
in RT [18].

RT results in a plethora of physiological changes and adaptions that are well suited 
to weight loss and body recomposition. In this regard, a unique feature of RT is its 
ability to maintain or increase muscle mass. It is this increase in muscle mass that not 
only offsets declines in performance and health, but also increases metabolic rate. 
In this regard, while aerobic exercise may burn slightly more calories per hour than 
RT (i.e. running at five miles per hour burns approximately 606 calories per hour 
for a 73 kg individual versus a general resistance training session for 1 h that burns 
an average of 448 calories per hour for a 70 kg individual), each kg of muscle burns 
off around 13 calories per day [19]. As such, even a modest 5 kg increase in muscle 
mass will result in an additional 65 calories being burnt daily. Further, research has 
demonstrated that while caloric expenditure of RT is only slightly less than aerobic 
exercise, excess post-exercise oxygen consumption (EPOC) and post-exercise caloric 
expenditure are higher following RT (even when matched for oxygen consumption 
and equal durations) [20] and this may have an additional favourable consequence on 
weight management programmes.

Physiologists may be interested in the effect of exercise on basal metabolic.
rate, fat size and distribution, and dietary-induced thermogenesis, whereas other 

scientists, such as nutritionists and psychologists may be concerned about the pos-
sible effect of exercise on other factors, such as habitual nutrient intake, and effect 
on body image and self-concept, feelings of well-being and adherence, respectively. 
In this regard, the addition (but not sole use) of RT to aerobic training can reduce 
the amount of total calories, carbohydrates, proteins and fats consumed and as such 
promotes a favourable improvement in self-reported dietary intake [21].

4. Common myths about resistance training and weight loss

While greater amounts of exercise appear to increase the magnitude of weight loss 
and maintenance [15], it must be noted that too much exercising actually prevents 
body fat loss due to increases in cortisol. In fact, research suggests this raised cortisol 
leads to overeating, weight gain and an increase in abdominal fat [22].
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Further, many individuals engaging in a weight loss programme fail to utilise RT 
for fear of “bulking up”, “looking manly”, or “becoming muscle-bound”. While it is 
true that RT is the exercise of choice for bodybuilders, many individuals, and females 
in general, lack the hormonal and genetic profile to develop overly large muscles [23].

A particular problem amongst children and health professionals working with chil-
dren is the erroneous belief that all RT results in damage to the epiphyseal or growth 
plates [24]. Despite the need for RT in supporting neural adaptation during normal 
physiological maturation, RT has proven effective at weight loss and body recomposi-
tion in children and adolescents [25, 26]. While literature and research indicate that 
some risk of injury from RT does exist, this is comparable to that of sports children are 
already participating in and that risk for injury in children is not dramatically elevated 
by RT and can be minimised by effective programme design (i.e. appropriate pro-
gramme development) and education (i.e. on lifting technique) [24, 27].

While the term spot reduction or spot training (the localised loss of fat as a result 
of exercising a particular part of the body), is commonly practiced using RT, research 
in this area is still contradictory [28]. In this regard, the present body of knowledge is 
insufficient about the plastic heterogeneity of regional body tissues when a localised 
RT programme is applied [28].

A common prevailing myth is the belief that fat can be turned into muscle. 
However, this is not a physiological probability since skeletal muscle consists of 
numerous protein muscle fibres, which in turn, are comprised of a number of myo-
fibrils containing multiple myofilaments [29]. On the contrary, body fat, which is 
known as adipose tissue consists of triglycerides, which consist of glycerol and three 
fatty acid chains. Fat is exclusively made up of numerous carbon, hydrogen, and 
oxygen atoms [30]. As such, due to this differentiation in muscle and fat cell chemical 
composition, neither can be converted into the other [31].

5.  Resistance training programme design for body recomposition and 
weight Loss

The majority of exercise recommendations for weight loss endorse aerobic-type activ-
ities with a focus on a significant caloric expenditure during the exercise session [10]. In 
this regard, the American College of Sports Medicine (ACSM) emphasises diet restric-
tion and aerobic exercise, while not assigning RT a major role in weight maintenance and 
weight loss, due to insufficient evidence. This is problematic in that RT has a multitude of 
health benefits and has proven effective in the short-term for modestly decreasing body 
fat, especially in conjunction with dietary interventions [32]. More importantly, research 
suggests that RT can also play a vital role in long-term weight management, especially in 
that it utilises additional mechanisms to that of aerobic exercise [33].

However, for any exercise programme to be effective at weight management, 
continuous adjustments need to be made to the programme design variables, namely; 
choice of exercises, order of exercises, frequency, load (weight), volume, rest periods, 
variation and progression [34].

5.1 Resistance training choice and order exercises for weight management

While almost any RT exercise will have a positive impact on health promotion 
and weight management, RT exercises for weight management should focus on large 
muscle groups and those exercises utilising compound movements, such Olympic 
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lifts, deadlifts and squats. Since these compound exercises require an elevated oxygen 
use and hormonal response and result in high-calorie-expenditure. These compound 
exercises should be prioritised in an effective RT programme for weight management. 
In addition, training the larger muscle groups will also result in an enhanced hyper-
trophy and increased basal metabolic rate (BMR) (i.e. minimum number of calories 
required for basic functions at rest) and resting metabolic rate (RMR) (i.e. the number 
of calories the body burns while at rest) in the long-term [35].

Further, although many programme designs exist or RT sessions, recommenda-
tions for weight loss suggest progressing from multi-joint to single-joint exercises in 
RT sessions. This may be especially important from a safety standpoint to prevent any 
undue consequences of muscle fatigue at the end of a workout [35].

5.2 Resistance training load (weight) and volume for weight management

Since the principal determinant of BMR is body mass, and more specifically lean 
mass [36], RT has important long-term implications for successful weight manage-
ment. This is because RT is the primary exercise intervention for increasing muscle 
mass [37]. When it comes to hypertrophy, recent research indicates a dose-response 
relationship between the total number of weekly sets and increases in muscle growth 
[38]. In this regard, health professionals should consider all aspects related to 
increasing training volume, such as the total number of sets, reps or time under ten-
sion, and resistance (weight) utilised during a training day, month or other block of 
training time. Thankfully, this increased volume of training serves a dual purpose as 
it is also deemed high-caloric expenditure in nature. Specifically, moderate loads for 
hypertrophy correspond to approximately 8–15 of one-repetition maximum (1-RM) 
[39] and should be performed for three to five sets per exercise to increase volume 
[37, 40].

5.3 Resistance training frequency for weight management

As the outcome of RT is the same as for that of aerobic exercise interventions 
for weight loss, it important to note that research indicates a graded dose-response 
relationship whereby increases in RT volume (i.e. increased number of weekly sets) 
produce greater gains in muscle hypertrophy [37]. This increase in RT dose also results 
in an increased caloric expenditure and improves the prognosis not only for hypertro-
phy but also for weight loss. As for any exercise intervention (whether RT or aerobic), 
cognisance should be taken of the training status of the individual, with beginners 
training less frequently and well-trained individuals training more frequently. RT is 
especially useful in this area of programme design in that it allows for split routines, 
whereby upper-body and lower-body can be trained on alternate days to facilitate and 
enhance recovery.

5.4 Resistance training rest periods for weight management

While 3–5 min rest periods are advocated between RT sets for multiple sets per exer-
cise [40], well-trained individuals can consider exercise sets with minimal rest periods 
for optimising weight loss [41]. This is because decreasing rest periods or making use of 
super sets has been demonstrated to increase training intensity [40]. Problematically, 
while RT with minimal rest periods is considered as most effective for weight and fat loss, 
it can cause significant central nervous system fatigue and eventual overtraining [42].
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5.5 Resistance training progression for weight management

While it is important to keep the exercises used in a programme fairly consistent for 
weeks or months in a particular training period to prevent overuse, health professionals 
must allow for new ways to stimulate muscle growth and fat utilisation. For example; 
this could be accomplished by manipulating the number of sets, the number or repeti-
tions, the weight utilised during exercises or additional training days could be added as 
well to increase overall volume. In turn, when training at a specific repetition maxi-
mum (RM) load, it is recommended that a 2–10% increase in load be applied when the 
individual can perform the current workload for one to two repetitions over the desired 
number [40]. Progressive increases in volume should be observed for a particular train-
ing block of weeks or months, followed by a period of decreased volume. This aids in 
preventing training plateaus, injury and boredom [40]. Table 1 provides guidelines on 
the approaches for the implementation of resistance training in weight management.

6. Conclusions

Despite the credible evidence that exists to suggest that RT can play an important 
role in a comprehensive weight loss programme, RT is not promoted as widely as 
aerobic interventions. Problematically, while the inclusion of RT may not optimally 
enhance short-term weight loss in all populations, the integration of RT with dietary 
interventions could facilitate long-term fat loss, while preserving lean mass while 
increasing RMR and BMR. This is in addition to the significant and unique health 
and functional benefits that RT provides. However, in order to stimulate adaptation 
toward weight loss and body recomposition, specific progressive RT protocols are 
necessary that focus on caloric expenditure through high volume training (s with 
other modes of exercise) and hypertrophy.
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Frequency Intensity Repetitions Sets Type

3 or more days/week; aim to 
increase volume and caloric 
expenditure; split routines 
can be utilised to enhance 
recovery; beginners: train less 
frequently; well-trained: train 
more frequently

Moderate loads 
for hypertrophy

8–15 of 1-RM; 
emphasis is on 
volume

3–5 per 
exercise; 
with minimal 
duration rest 
intervals; 
emphasis is on 
volume

Multi-joint/compound 
exercise utilising more 
than one muscle or 
muscle group

Table 1. 
Guidelines for resistance training programme design for body recomposition and weight loss.
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The Potential of Precision Probiotic 
Hafnia alvei HA4597 to Support 
Weight Loss
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Abstract

Hafnia alvei HA4597® is a novel probiotic strain producing an anorexigenic 
mimetic protein. This report summarizes the innovative approach leading to the 
discovery of the precision probiotic H. alvei HA4597® and its benefits on body weight 
and metabolic parameters. H. alvei HA4597® has been identified after the striking 
findings on the effects of the bacterial metabolite ClpB (Caseinolytic peptidase B) 
on appetite regulation, through a screening of ClpB-producing strains. Its efficacy 
in humans has been validated by a multicentric, double-blind, randomized placebo-
controlled trial including 236 overweight adults. The successful results on body 
weight loss of the clinical study support the use of H. alvei HA4597® in the global 
management of excess weight.

Keywords: Hafnia alvei HA4597®, precision probiotic, mimetic, body weight 
management, appetite

1. Introduction

With the growing obesity epidemic and its associated comorbidities including 
cardiovascular diseases, diabetes, musculoskeletal disorders, cancer [1], depression 
[2, 3], and now even Covid-19 [4, 5], there is an urgent need to address this public 
health issue. As highlighted by the World Health Organization (WHO), obesity is 
preventable.

The understanding of the physiopathology of obesity started to shift back in 2006 
when a publication in Nature highlighted that the microbiota of obese individuals 
differed from that of lean individuals. In addition, when this microbiota was trans-
planted into mice, propensity to gain weight was transmitted as well [6].

Since the discovery of the roles of the microbiota in metabolism, Pr. Sergueï 
Fetissov, neuroendocrinologist and professor of physiology, investigated extensively 
the roles of the gut microbiota in host appetite control. As early as 2002, he identified 
human autoantibodies reacting with the key hormone of satiety alpha-melanocyte 
stimulating hormone (alpha-MSH). He discovered an anorexigenic peptide produced 
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by the microbiota with a homology of sequence with alpha-MSH [7]. In a review pub-
lished in Nature Reviews Endocrinology, he demonstrated that metabolites produced by 
the microbiota can regulate food intake, and more specifically identified a bacterial 
protein called caseinolytic peptidase B (ClpB), a conformational antigen mimetic of 
alpha-MSH (Figure 1) [8, 9].

Observations showed that ClpB levels in human fecal or serum samples nega-
tively associated with Body Mass Index (BMI) [10]. Pr. Sergueï Fetissov and Pr. 
Pierre Déchelotte, gastroenterologist, professor in human nutrition and director 
of the Gut Brain Axis Laboratory at the French National Institute of Health and 
Medical Research (Inserm), carried on their investigations to better understand and 
describe the cause-and-effect relationship, demonstrate the proof of concept on 
animal models and translate the discovery into a lever of action in the battle against 
obesity.

2.  From amino acid sequence homology to functional mimicry of the 
anorexigenic pathway

In the beginning, the bacterium encountered to study ClpB was E. coli K12, the 
standard model used in biotechnology. In silico sequence alignments allowed to 
identify a 6-amino acid sequence homology between a bacterial protein, E. coli K12 
ClpB, and alpha-MSH [11]. The properties of the E. coli K12 ClpB sequence explain 
its folded shape, exposing the epitope and thus making it a specific conformational 
mimetic of alpha-MSH [9, 11].

Figure 1. 
Adapted from Sergueï Fetissov, nature reviews 2016.
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The functional mimetic properties of E. coli K12 ClpB were first confirmed with 
a proteomic approach. ClpB was identified after Western Blot analysis of E. coli K12 
stationary phase total protein extract of E. coli K12 using anti alpha-MSH IgG [9]. 
Then, two pathways used by the ClpB to regulate satiety were identified with prelimi-
nary protocols in mice:

• Both ClpB protein (recombinant) and E. coli K12 total stationary phase protein 
extract act locally in the gut by stimulating peptide YY (PYY) secretion by 
L-cells [12–14]. In addition, colonic infusion of E. coli K12 stationary phase 
protein extract on rats increases plasma PYY levels [13].

• ClpB also circulates in the blood and can stimulate the anorexigenic pathways in 
the hypothalamus by activating POMC neurons [13].

Anorexigenic properties of E. coli K12 ClpB were then confirmed in vivo on mice. 
Oral gavage of mice with E. coli K12 triggers a decrease of the food intake and body 
weight that wasn’t shown with ClpB-deficient strains [14].

The alpha-MSH mimetic properties of bacterial E. coli ClpB made it a good 
candidate to develop an anti-obesity solution, but to develop a product with unques-
tionable safety, the team looked for a ClpB-producing strain with a food grade status. 
Hafnia alvei, a starter culture used in cheese production, in particular the Normandy 
traditional cheeses Camembert and Brie, was identified thanks to in silico approach 
[14]. H. alvei is a commensal bacterium from the Enterobacteriaceae family, naturally 
present in cheese [15, 16] and in the human gut [14], and thus benefitting from a long 
history of safe use.

The summary of these steps of discovery and development are exposed in Figure 2 
hereunder.

3.  Hafnia alvei HA4597® reduces body weight gain, fat mass and food 
intake in murine models of obesity

The first preclinical study was conducted to validate H. alvei and its production of 
ClpB, as a potential probiotic and its postbiotic for appetite and body weight manage-
ment in overweight and obesity. Legrand et al. [14] tested H. alvei HA4597® on two 

Figure 2. 
From in vitro identification of ClpB to in vivo proof of concept.
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mouse models of obesity: genetic, leptin deficient ob/ob mice (a model of hyperphagia) 
and nutritional, High-Fat Diet (HFD)-induced obesity.

This study confirmed that H. alvei HA4597® significantly reduces body weight 
gain and fat mass in both models of obese mice (Figure 3a-d). In the hyperphagic 
ob/ob model, H. alvei HA4597® treatment significantly reduces food intake with a 
20.8% decrease (vs placebo) in total intake measured after 18 days (p < 0.001), the 
difference becoming significant from day 8 (Figure 3e) and was accompanied by 
a higher level of phosphorylated hormone-sensitive lipase in fat tissues (p < 0.01) 
(Figure 3g).

The effect of H. alvei on food intake was not observed in mice on HFD, consid-
ering that HFD models tend to hypophagia because mice are not attracted to fat 
(Figure 3f).

Thus, H. alvei HA4597® exhibits the desired probiotic properties of an appetite 
and body weight management supplement i.e., it triggers anorexigenic and lipo-
lytic effects in hyperphagic mice resulting in decreased body weight gain and fat 
mass.

A second trial conducted by Lucas et al. [17] evaluated the efficacy of Hafnia on 
another animal model of obesity based on a combined model of both HFD-fed and 
genetic ob/ob mice that may represent most closely hyperphagia and diet-induced 
obesity in humans (compulsive eating behavior combined with hypercaloric diet and 
accompanied by functional leptin resistance). This study also compares the efficacy 
of the strain to the drug Orlistat, a lipase inhibitor used in humans for the manage-
ment of obesity.

A daily provision of 1.4 x 1010 Colony Forming Units (CFU) of H. alvei 
HA4597® in these mice significantly decreased the food intake, the body weight 
gain (Figure 4A and B) and total fat mass and preserved lean mass, resulting in 
an improved lean/fat mass ratio (Figure 4C). On top of that, other metabolic 
parameters were improved with the H. alvei treatment, including glycemia, total 
cholesterol and hepatic alanine aminotransferase (ALAT) (Figure 4E).

Although Orlistat is effective for weight loss, in contrast to H. alvei HA4597®, it is 
accompanied in this study by a strong hyperphagic effect which may be the cause of 
the increased glycemia observed for this group (Figure 4D).

After H. alvei proved successful in the regulation of appetite and weight in mice 
models, the next step was to evaluate efficacy in humans.

H. alvei HA4597® improves weight loss in a multicentric, double-blind, random-
ized placebo-controlled trial including 236 overweight adults.

To investigate the clinical efficacy of the strain, a 12-week prospective, double-
blind, randomized study was realized on 236 overweight men and women (230 
followed protocol and were analyzed in the per protocol results) [18]. All subjects 
were on a − 20% low-caloric diet and were asked to maintain their usual physical 
activity. Subjects received either 2 capsules per day providing 1011 bacteria of H. alvei 
HA4597® per day (HA) or a placebo (P).

The primary outcome was the percentage of subjects losing 3% or more of their 
body weight after 12 weeks. Indeed, significantly more subjects (+38%) lost at least 
3% of their initial weight after 12 weeks than in the placebo group (57.7 vs. 41.7%, 
p = 0.028, Per Protocol results) (Figure 5A). 51% more participants also lost more 
than 4% of their body weight on HA than on placebo (46.2% vs. 30.6%, p = 0.024) 
(Figure 5B). The average weight loss observed in the treated group was 3.6% at 
12 weeks, vs. 2.9% in the placebo group, a high figure linked to the strong effect of the 
hypocaloric diet.
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Figure 3. 
Results of Hafnia alvei HA4597® supplementation vs. control in Ob/Ob mice and HFD mice models of obesity 
(adapted from Legrand et al., 2020). Body weight dynamics in ob/ob (a) and in HFD-fed obese mice (b), 
Two-way RM ANOVA, p < 0.001, (b) *for days 23–25, 38, 41, and 47, **for days 26, 27, 30, 37, 39, 42, and 43, 
***for days 28, 29, 31–36, and 40. Total fat and lean tissue mass in ob/ob (c) and in HFD-fed obese mice (d). 
Mann–Whitney tests, **p < 0.01, *p < 0.05. Cumulative food intake in ob/ob (e) and in HFD-fed obese mice (f), 
Two-way RM ANOVA, p < 0.05, Bonferroni post tests, ***p < 0.001, **p < 0.01, *p < 0.05. Actin-normalized 
pHSL levels in the epididymal fat tissue in ob/ob (g), Mann-Whitney tests, *p<0.05.
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Figure 4. 
Results on body weight gain and other parameters after 37 days of oral gavage with Hafnia alvei HA4597® vs. 
orlistat in HFD Ob/Ob mice (adapted from Lucas et al., 2020). (A) Cumulative food intake (g). Two≃way RM 
ANOVA, p < 0.0001, Bonferroni’s posttests, HFD vs. HFD + Orlistat. *** p < 0.001; ** p < 0.01 days 24,25; * p < 
0.05 days 22,23. HFD + H. alvei vs. HFD + Orlistat. *** p < 0.001, ** p < 0.01, days 17,18; *p < 0.05 days 15,16. (B) 
Body weight gain (%). Two≃way RM ANOVA, p < 0.0001, Bonferroni’s posttests, HFD vs. HFD + Orlistat, *** p 
< 0.001,** p < 0.01, * p < 0.05; C. ANOVA, p < 0.0001, Tukey’s posttests avs. HFD and bvs. HFD + H. alvei, both 
*** p < 0.001, Student’s t≃tests, * p < 0.05, (mean ± SEM; SDiet, n = 16, all other groups, n = 24). (C) Lean/fat 
mass ratio at the end of the treatment. Student’s t≃tests, # p < 0.05, (mean ± SEM; SDiet, n = 16, all other groups, 
n = 24). (D) Basal glycemia at end of treatment (g/L). ANOVA p < 0.05, Tukey’s posttest vs. SDiet * p < 0.05. 
Student’s t≃test # p < 0.05. (E) Alanine transaminase (ALAT) levels at end of treatment (U/L). ANOVA p = 
0.0006, Tukey’s posttests ** p < 0.01, * p < 0.05, (mean ± SEM; SDiet, n = 8, all other groups n = 12).
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Compared to the placebo group, the participants in the probiotic group saw a sig-
nificant further 1.2 cm reduction in hip circumference (p < 0.001 at 12 weeks) as well 
as a significant decrease in blood glucose (p = 0.027 at 12 weeks) (Figure 5C and D). 
Furthermore, the HA group recorded a significant decrease of cholesterol compared 
to the beginning of the study (p = 0.008 for total cholesterol and p = 0.028 for LDL-
cholesterol at 12 weeks) (unpublished).

Figure 5. 
Results of the clinical study with 12-week supplementation of overweight subjects with Hafnia alvei HA4597® 
or placebo (adapted from Déchelotte et al., 2021, except Figure 5D, unpublished). (A) Proportion of subjects 
who lost at least 3% of body weight after 12 weeks PP population, Exact Fisher’s test P. vs HA. *p≤0.05. (B) 
Proportion of subjects who lost at least 4% of body weight after 12 weeks PP population, Exact Fisher’s test 
P. vs HA. *p≤0.05. (C) Hip circumference change vs. T0 ITT population, Mann-Whitney-U test (w12-w0) 
P. vs. (w12-w0) HA. *pU≤0.001. (D) Serum glucose concentration before and after supplementation ITT 
population, Mann-Whitney-U test (w12) P. vs. (w12) HA. *pU ≤ 0.05. (E) Feeling of fullness ITT population, 
Mann-Whitney-U test (w12) P. vs. (w12) HA.**pU ≤ 0.01. (F) Change in Feeling of fullness ITT population, 
Mann-Whitney-U test; (w12-w0)P. vs. (w12-w0)HA.* pU ≤ 0.05. Paired Wilcoxon test; HA(w0) vs. 
HA(w12).** pwi ≤ 0.01.
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Importantly, this study also revealed an increased feeling of fullness assessed 
by visual analog scale (VAS) (p = 0.009 at 8 weeks) in the HA group (Figure 5F). 
In the VAS, a score of 50 means that there is no feeling of hunger. Both groups were 
under a − 20% hypocaloric diet, but only the treated group led to feeling of fullness 
scores above 50 (Figure 5E). This confirms the mechanism of action of this precision 
probiotic through the regulation of appetite and this led, despite the constraints of 
the diet, to a significantly higher level of satisfaction of the subjects from the treated 
group, compared to the placebo group.

Indeed, in the HA group, benefit of treatment was rated as “very good” or “good” 
by 67.9% of subjects compared to 53.1% in the placebo group (p = 0.019). Only 5% of 
subjects in the probiotic group rated it as “poor”, as opposed to 14.2% in the placebo 
group.

This level of satisfaction shows the users have a clear perception of efficacy, and 
the good appetite regulation during a diet makes it easier to keep compliant to the 
reduced caloric intake, without the difficulty and discomfort associated with hunger.

According to the official guidelines for the management of obesity, a 3 to 5% 
weight loss is the reference interval associated with meaningful clinical benefits: 
reductions in serum triglycerides concentrations, of blood glucose, HbA1C, and the 
risks of developing type 2 diabetes [19].

With clinically relevant efficacy as soon as in the first 12 weeks, excellent tolerabil-
ity and no adverse events, these results support the use of H. alvei HA4597® in the 
global management of excess weight.

4.  From the clinical setting to the market: benefits of H. alvei HA4597® for 
overweight to obese consumers

As previously described, H. alvei HA4597® through its production of ClpB, a 
mimetic of the anorexigenic hormone alpha-MSH, constitutes an innovative and 
effective solution for body weight management in overweight and obesity. The French 
biotech TargEDys, pioneer in microbiome-based solutions and grounded in 15 years 
of academic research in collaboration with the prestigious laboratories of Inserm 
(Institut national de la santé et de la recherche médicale) in Rouen, developed a food 
supplement with 100 billion cells of H. alvei HA4597® per daily dose. It is the first 
PreciBiomic Strain product on the market for body weight management combining 
efficacy with no side effects. During product development, TargEDys ensured that 
the strain produces ClpB during the fermentation process so that both the strain and 
its protein ClpB are present in the product.

A consumer study confirmed the efficacy of the product in overweight people, 
and even in people suffering from obesity, in real life conditions, i.e., without caloric 
restriction. Above all, this study confirmed that the extension of the program over 
time intensifies the body weight loss.

5. Conclusion

As concluded by the authors of the clinical trial, supplementation with the preci-
sion probiotic [20] H. alvei HA4597® represents an innovative and well-tolerated 
strategy to enhance the efficacy of dietary advice for the control of excess body 
weight; paving the way to precision nutrition thanks to a gut microbial-based person-
alized approach.
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Chapter 10

Inability to Understand the 
Complexity of Maintaining Weight 
Loss and the Complications
Anvi Rana

Abstract

Weight management can be aided by behavior management therapies, although 
weight is frequently regained. To avoid this, available interventions are necessary. 
Researchers did a comprehensive evaluation and integration of qualitative studies 
on people's weight control and sustaining perspectives. They looked for descrip-
tive studies examining the reality of presently or formerly overweight individuals 
striving to sustain weight loss in bibliographic databases. Researchers developed the 
model of weight loss maintenance by thematically aggregating study data. There 
were 16 studies with 610 individuals from 5 nations. Because of the requirement to 
overcome established behaviors and the incompatibility of the new behaviors with 
the satisfaction of emotional factors, the model generated via our integration posits 
that implementing the action modifications essential for weight loss stability gener-
ates psychological “stress.” This stress must be managed or resolved for successful 
maintenance. Self-regulation, motivation renewal, and regulating influences can all 
help with stress management, while it can take a lot of work. Changes in behavior, 
nonobesogenic means of fulfilling needs, and maybe a shift in self-concept can all 
help with recovery.

Keywords: maintenance of weight loss, behavioral modification, evidence synthesis, 
weight loss difficulties, stability

1. Introduction

Obesity growth follows a simple formula: energy intake exceeds energy expenditure. 
Overweight and obesity, on the other hand, are the result of a complex series of interac-
tions among genetic, psychological, and environmental variables. Whereas the over-
weight public has been offered hundreds, if not thousands, of weight-loss strategies, 
diets, potions, and devices, the multi-factorial causative agents of overweight challenges 
practitioners, researchers, and the overweight themselves to identify permanent, effica-
cious weight-loss and maintenance strategies [1]. The number of people who effectively 
lose weight and keep it off has been reported to be as low as 1–3%. In the genesis of 
overweight and obesity, heredity plays a role. Genes, on the other hand, cannot explain 
the rise in overweight people [2]. Rather, the behavioral and environmental variables 
that cause people to engage in too little physical activity and consume too much food 
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about their energy expenditure must bear the brunt of the responsibility. These are the 
issues that weight-loss initiatives aim to address [3]. This chapter examines the effective-
ness and safety of weight-reduction techniques, as well as the combos of approaches 
that exist for healthy weight loss [4].

A complicated combination of environmental, biochemical, social, and cognitive 
factors, which are only partially understood, makes weight reduction maintenance 
difficult. Figure 1 illustrates their configuration; they react differently in different 
patients to an extent that is difficult to predict. This answers why many people regain 
most of the weight they lost following a successful diet plan. Nevertheless, a small 
percentage of people succeed in maintaining long-term weight loss, and research into 
this group, which achieves their aim despite significant urges to gain weight, may 
assist discover the variables that lead to this preferred result [5].

To increase patients' commitment to long-term weight control, the much more 
current advancements of comprehensive lifestyle modification plans integrate food 
and physical activity guidelines with particular behavioral and cognitive methods [6]. 
They show that a significant portion of treated individuals may sustain a healthy body 
weight decrease over time. These encouraging findings have prompted the formation 
of multidisciplinary lifestyle modification teams to provide patients with moment 
longer overweight therapy [7].

The goals of this narrative review are to [8]

1. Provide such a meaning of fat loss

2. Data sets on lengthy losing weight maintenance

3. Characterize the characteristics of people who achieve a lengthy losing weight

4. Evaluation of scientific proof initiatives to increase weight reduction mainte-
nance

5. Identify a holistic approach based on lifestyle interventions aimed at giving  
clients with moment longer management of their diabetes.

The components of good weight control will also be investigated, as the difficulties 
in sustaining weight reduction may contribute to the overweight condition. There is 
also a brief discussion of public policy approaches that may help prevent obesity and 
support people who are seeking to reduce or manage weight reduction [9].

Many types of research have been successful in inducing weight reduction in 
individuals; nevertheless, weight loss management has proven to be far more chal-
lenging [10]. According to a recent comprehensive analysis, weight-reduction systems 
have been able to produce a 9.5% weight loss from starting body weight on aggregate; 
unfortunately, only 54% of this loss weight was sustained one year following the 
treatments [11]. As a consequence, scientific proof guidelines for weight loss and 
maintenance techniques that people may apply are needed. Approaches based on the 
notion of energy equation may base on energy consumption (i.e., food) or energy 
expended (i.e., physical activity), or on habits that encourage improvements in either 
caloric intake or energy expended (i.e., self-monitoring of dietary intake) [12].

A theoretical model was developed in which elements such as nutritional intake, 
physical activity, and attitude were investigated for their impact on reducing weight 
and management. Since it was anticipated that activities connected to the energy 
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equation would impact weight reduction differentially than weight control, losing 
weight and weight control were handled as separate events within the theoretical 
model [13]. The paradigm also depicts the idea of recurrence, which is prevalent in 
this group and may be linked to the characteristics described in the paradigm [14].

Postrach et al. (2008) stated that for weight control, the first weight-loss strategy 
should be very broad and that most of the information and abilities gained during the 
weight-loss phase may be transferred to the weight-control period.

2. The maintenance of a weight loss

Several criteria for “successful weight loss maintain” have been developed during 
the last 10 years. Successful weight loss managers, according to Avnell, are “persons 
who have consciously dropped at least 10% of their body weight and maintained it 
off for at least one year.” A persistent weight reduction of roughly 5–10% of baseline 
body weight, according to Barners, indicates a high level of effectiveness. The 2013 
American Heart Association (AHA), American College of Cardiology (ACC), and 
Term of Service (TOS) Guideline for the Management of Overweight and Obesity in 
Adults also recommends this aim as shown in Figure 2 [15].

The preceding criteria all agree that good weight management does not need a 
huge weight decrease, but rather a modest 5–10% reduction. This level of weight 
reduction, from a clinical standpoint, dramatically lowers the risk of type 2 diabetes 
in susceptible people and removes the majority of the additional hazards linked to 
obesity [16]. Furthermore, even minor weight reduction has been shown to enhance 
mental wellbeing, including happiness, self-image, and bingeing [17].

Teixeria et al. [18] definition adds two more weight-maintenance markers. First and 
foremost, fat loss should be planned. Such a parameter is critical since various studies have 
found that inadvertent weight loss is widespread and might have unique causes and impacts 
than deliberate weight reduction. Weight loss must be sustained for at least one year. This 
criterion was established as an acceptable goal for study into the elements that enable 
people to sustain their weight loss. Nevertheless, the term “success” might imply a consider-
ably extra duration of weight management, ideally throughout the rest of one’s life [19].

Figure 1. 
In the overall population of obese patients enrolled in noninvasive weight reduction procedures, there are a 
number of characteristics linked to long-term weight loss stabilization.
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2.1 Physical activity

The quantity of energy exerted vs the quantity of energy eaten influences weight 
fluctuations. As a result, weight gain will occur if the metabolic rate stays low but 
food levels of consumption are excessive. Some researchers suggest that decreases in 
regular exercise, both at work and in leisure, may have played a significant part in the 
rising obesity prevalence over the previous 30 years [20].

In addition, several epidemiological data imply that physical activity plays a 
key role in weight growth. Low levels of self-reported recreational physical activ-
ity were related to three-fold increased risk of substantial weight gain in males and 
even a four-fold larger hazard in women, according to [21] who used data from the 
National Health and Nutrition Examination Survey (NHANES) and he found that in 
a retrospective study of 34,079 middle-aged women (mean: 52.2 years), the chance 
of increased weight over three years was 11 percent higher in women who engaged in 
fewer than 7.5 metabolic equivalents (MET).

For overweight people who are healthful, enhanced physical activity and exer-
cise are part of a complete weight-loss plan. The capacity to create and maintain 
an exercise regime is one of the strongest indicators of results of this case in the 
therapy of overweight [22]. Exercise and fitness regimens that are required to satisfy 
the forces' physical preparedness demands overall, and for weight management, in 
particular, can be boosted by the presence of engaging in physical activity in army 
facilities. The intensity, length, frequency, and kind of physical exercise for a specific 
individual will be determined by pre-existing medical issues, past activity levels, 
physical constraints, and personal preferences. Individuals who have more than one 
of the aforementioned mitigating situations may need to be referred for extra expert 
examination [23]. Physical activity has several advantages that can be experienced 

Figure 2. 
Weight loss and weight control scope of the study Weight loss is attributed to a reduction of at minimum 10% of 
benchmark body mass, while weight stabilization is defined as maintaining a body mass of at minimum 10% less 
than initial body mass for at minimum one year.
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even if weight loss is not achieved. One of the advantages, an increase in high-density 
low-density lipoprotein, has been demonstrated to be achievable with a minimum of 
10–11 h of cardiovascular exercise each month as shown below in Figure 3 [24].

2.2 Alterations of habits and attitudes

By use of habit and varying levels of intensity in weight control is based on a 
weight of information indicating people develop or stay obese as a consequence 
of adjustable routines or activities, and that weight reduction and maintenance 
may be achieved by modifying those tendencies [25]. The main aim of psychologi-
cal weight-control techniques is to promote a healthy lifestyle and reduce calorie 
intake via changing dietary patterns. Cognitive treatment can be given to a single 
person or a group of people. Individuals typically participate in 15–30 weekly 
sessions lasting 2–3 h each, with a weight-loss objective of 2–3 pounds each week. 
Behavioral techniques were formerly used as hold therapies to just change eating 
patterns and lower calorie intake. Nevertheless, these methods have lately been 
applied to induce weight reduction and as an element of routine maintenance in 
addition to low diets, nutritional support therapy, proper nutrition, fitness pro-
grams, supervision, pharmaceutical medications, and social protection as shown 
in Figure 4 [26].

2.3 Input efforts and self-control

One of the pillars of behavioral interventions is the identity of nutritional intake 
and physical exercise, which allows the client to establish a sense of social respon-
sibility. Participants are advised to keep a usual dietary diary in which participants 
note what they did eat, how very much patients did eat, where and when they did 

Figure 3. 
Physical activity guideline.
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eat it, and the environment in which they started eating it. Individuals may also be 
required to keep a log sheet of their physical activity. Self-monitoring of food intake 
is frequently linked to a rapid decrease in energy consumption and, as a result, losing 
weight. This decrease in food intake is thought to be the consequence of greater food 
consciousness and/or fear of what the nutritionist or nutritional therapist may say 
about the participant's eating habits. Food diaries are also used to discover internal 
and social variables that lead to excess eating, as well as to choose and implement 
appropriate weight-loss techniques for the person [27].

The same might be said for regular exercise tracking, even though the little study 
has been done in this area. Self-control also allows therapists and clients to assess 
which approaches are effective and how changes in sleep and eating habits or exercise 
affect weight reduction [28].

2.4 Additional psychological approaches

Eating only prescheduled meals; just doing nothing while choosing to eat; ingest-
ing meals only in one location and having left the table after consuming; buying 
groceries only from a list, and buying on an empty stomach are some of the addi-
tional techniques included in psychosocial therapeutic interventions. Motivational 
strategies are also used in the psychological treatment of overweight and fat people. 
Respondents may choose a strongly rewarding experience, such as engaging in a 
particularly pleasurable activity or acquiring a special item after achieving a goal. 
Overweight behavioral approaches are typically immediately effective. The long-
term success of these therapies, on the other hand, is more debatable, with research 
indicating that many people regain their original body weight within 4–6 years of 
finishing therapy [29].

Among the strategies for enhancing the long-term advantages of cognitive behav-
ior therapy are the following: [30].

1. Improving beginning loss of weight

2. Lengthening the duration of intervention of treatment

Figure 4. 
Engagement in a new way of life.
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3. Focuses on the role of exercising

4. Merging ways of conducting with other therapies such as medication, surgical 
intervention, or strict diets

2.5 Environmental and resources factor

Rebuilding the environment that supports excess and inactivity might be an 
important aspect of weight loss and control. The house, the job, and the society are 
all part of the natural world (e.g., places of worship, eating places, stores, movie 
theaters). Environmental influences include the opportunities for low foods with 
highly nutritious, such as fruits, vegetables, nonfat dairy products, and other low-
energy-density foods. Instead, of purchasing a piece of candy or packet of crisps and a 
Coke from a machine, environment rearrangement promotes known frequent dining 
options that create appetizing items with lower energy density and allow adequate 
time for eating a balanced diet. Modern lives and stressful work commitments can 
lead to obese habits that contribute to a less-than-ideal eating atmosphere, but modest 
modifications can help to break these patterns as shown in Figure 5 [31].

New findings concepts imply that environmental variables (e.g., high-energy/
high-fat meals, fast food intake, television viewing, etc.) instead of physiological 
factors are driving the present obesity pandemic. Images and offers of high fat, high 
calorie, extremely tasty, easy, and economical meals are constantly bombarding 
people. Such meals come in serving amounts that greatly surpass the regulatory 
guidelines [32]. In addition, our current societal physical needs have altered, cul-
minating in a mismatch in energy imbalance. Hectic lives exacerbate the impact of 
environmental variables by obstructing weight reduction attempts and encouraging 
fat accumulation. Prevention and treatment necessitate changes in environmental 
and societal policies, particularly in the areas of serving sizes, accessibility of healthy 
foods, and physical exercise encouragement [33].

Figure 5. 
Overweight prevention through environmental modulation.
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2.6 Dietary counseling

Obesity and overweight management need the active engagement of the individual. 
Nutritionists can give clients a basis of education that will enable them to make informed 
dietary choices [9]. Nutrition education is separate from nutrition counseling, even 
though the two have a lot in common. The motivational, emotional, and psychological 
concerns related to the current job of weight reduction and weight maintenance are 
more directly addressed in health promotion and nutritional management. It discusses 
the how and why of dietary behavior adjustments [34]. Nutrition education, on the 
other hand, gives fundamental knowledge on the scientific foundations of nutrition, 
allowing individuals to make educated decisions regarding food, cooking techniques, 
dining out, and serving size. Nutrition curriculums may also cover topics such as the 
importance of nutrition in illness prevention, sports nutrition, and nutrition for preg-
nant and nursing women. Successful nutrition education provides nutrition knowledge 
and its application to healthy lifestyles [35].

2.7 Diet

There are two phases to weight-management initiatives: weight reduction and 
weight management. While exercise is the most essential component of a weight-loss 
scheme that impacts the pace of losing weight, it is apparent that food restriction is 
the most essential element of a weight-loss strategy that affects the rate of weight loss 
[36]. Food consumption contributes to 100% of daily intake, but movement contrib-
utes to just 15–30% of the energy requirement. As a result, limiting energy intake may 
have the greatest effect on the energy equation given. The number of diets recom-
mended is nearly infinite, but regardless of the nomenclature, all diets should include 
an increase in protein, below in carbohydrates, low in fat amounts, and should be 
high in fiber diets [9].

Several low-fat foods are also rich in dietary fiber, and some researchers link low-
fat diets' positive influences to their high proportion of dietary fiber-rich vegetables 
and fruits. High-fiber meals are recommended since they may lower calorie intake 
and affect metabolism. Nutritional fiber's positive benefits may be done through the 
following pathways: [37].

1. Caloric attenuation (most high-fiber meals are low in calories and fat).

2. Increased chewing and swallowing time decreases overall consumption.

3. Better stomach and intestinal movement and evacuation, with reduced absorp-
tion and reduced appetite and fullness.

2.8 Psychotherapist and consultation

Weight control is influenced by emotional and psychological variables. Counseling 
services are those that take into account emotional concerns related to binge eating 
and are designed to educate the patient about the existence of these disorders, their 
consequences, and the options for long-term treatment [38]. This technique is less 
complex, intensive, and long-lasting than counseling. Despite continuing counseling, 
it should be possible to assist patients to grasp the nature and extent of a destructive 
home or the phenomena of stress-related appetite. These services will be provided 
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by a counselor or therapist in individual or group sessions. These counselors, on 
the other hand, should be well-versed in the challenges that come with weight-loss 
regimens, such as binge-eating disorders. Individual case management, as well as 
group sessions, can be useful in the short term since patients can hear the perspectives 
of others with good weight difficulties while tackling their problems [39].

2.9 Surgical procedure

Although it is unlikely that many members would be candidates for obesity 
surgery, a review of weight-loss regimens would be incomplete without including this 
possibility. The minor weight reduction via psychological treatment and/or medicines 
does not change the overweight status of enormously obese people (those with a body 
mass index (BMI) of 35 or 40). Obesity surgery may result in large, long-term weight 
loss for certain people. Numerous studies have indicated significant reductions in the 
incidence and death of patients who are morbidly obese, and surgery is being offered 
to these people more frequently [40].

3. An analysis of nutrient intervention for weight loss maintenance

Associated with weight gain are considered the world’s largest fifth leading cause 
of mortality. In 2009, there were 2.5 billion obese persons worldwide, with 100 
million overweight males and roughly 200 million overweight women. It is indeed 
common for eaters to return over 50% of their lost weight after a year, and also most 
eaters regain their original weight between 4 and 5 years. Researchers concur that 
maintaining even 10–15 percent of a person's losing weight is a major accomplishment 
[41]. Following weight reduction, weight stability is described as a bodyweight shift 
of up to 5% of the real body weight. Heat production decreases after fat burning, 
resulting in burning the fat barrier. The likelihood of increased energy consumption 
following weight reduction is caused by a decline in hormonal changes such as leptin 
and thyroid hormones. Adipocytes are subjected to cellular stress at this time, result-
ing in increased stored fat [42].

For work with various on weight control, with such a focus on dietary  
treatments such as meal replacement, diet component proportions, dietary  
habits, and special cuisines are the long-term maintaining of body weight which  
is considered a victory [43].

1. Meal replacement: Meal replacement is one of the most popular ways for avoid-
ing excess weight. It is indeed secure, useful, and cost-effective, with no negative 
side effects. The degree of adherence is higher with this strategy, the nutritional 
intake is adequate, and the drop-out rate is low. Such dishes have a regulated 
calorie content and are also nutrient-dense. These nutritionally complete low-fat 
meals may be used to substitute major meals and snacks. While employing this 
strategy, there are many drawbacks. For starters, most study participants are  
volunteers, which means they are much more driven. Secondly, they might not 
be able to buy meal substitutes. Furthermore, if you eat the same meals every 
day, you may get nutritional tiredness [44].

2. Diet component proportions: Several studies tried many different macronutri-
ent percentages to determine the best beneficial dietary combination for weight 
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management. Minimal carbohydrates, low glycemic index (LGI), low fat with 
strong Monounsaturated Fatty acids (MUFA), and protein-rich diets are ex-
amples of these types of diets. Nevertheless, there is indeed a lot of conflicting 
information in this field. In contrast to a reduced diet, a protein-rich Glycemic 
Index (GI) diet, increased Monounsaturated fatty acids diet (MUFA) and inten-
sive support or nurse support, an increased carbohydrates/Protein diet, a limited 
carbohydrate diet, elevated monounsaturated fatty acids diet (MUFA), high carb 
glycemic index (GI) diet, increased carbohydrate with low glycemic index (GI) 
diet plus intensive support or nurse support, and fewer carbohydrates/Protein 
diet has no major effects on weight loss control [45].

3. Dietary habits: Individuals who have sustained their weight reduction longer than 
regainers stay up later less at night, engage in more physical activity following 
losing weight, consume fewer sweetener drinks, consume fewer calories through 
proteins, and receive more help and support. Dropping extra pounds during 
weight loss, keeping track of your weight, and eating nutritious meals are all 
thought to be essential elements in weight management. Those that do not acquire 
weight consume fewer calories than fat and obese persons. Other habits include 
eating more fiber, whole grains, veggies, and fruits while eating less fat and pro-
cessed carbohydrates. When compared to others, weight regainers have distinct 
perceptions of hunger and cognitive processing. A higher level of adaptable eating 
regulation, as well as a lower level of uncontrolled eating and psychological dis-
comfort, may have a role in weight management effectiveness [46].

4. Drawback of weight loss: reasons

Obesity is injurious to health, as we all understand. For a valid reason, health-
ful efforts have always highlighted the importance of weight management. Losing 
weight, on the other hand, is not a one-flavor recipe; there are numerous strategies to 
reach this aim. As a result, more is not necessarily better. Whenever it comes to diet 
reduction, getting too much go too soon might be dangerous to one's wellness [47].

It would be an exaggeration to suggest that excess weight reduction is not healthy. 
It is hazardous to your health! Excessive weight loss is described as a continuous loss 
of more than kg every week. Your system is doubtful to be capable of keeping up in 
such conditions, and indications are almost certain to arise. Just on appearance, certain 
symptoms, such as mild hair loss or feeling chilly more regularly, may appear to be 
innocuous. Certain adverse effects, on the other hand, might be extremely harmful to 
your biological and physiological health and quality of life [48].

The most serious side effects of excessive weight reduction are:

1. Muscle mass is lost—Not only do you lose fat whenever you lose weight, but you 
lose more muscle. A decrease in muscle mass is frequently accompanied by a 
decrease in metabolic rate, significantly unsettling the fat-to-muscle proportion. 
Poorer muscles make everyday chores like lifting heavy shopping or taking the 
stairs increasingly difficult. Although the number on the measure appears to be 
improving, your standard of living may not even be [49].

2. Electrolyte instability and nutritional inadequacies—Most of our body functions 
are controlled by materials found in nature. Anything mismatch in these compo-
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nents' proportions might be harmful, resulting in diseases including strokes and 
arrhythmia. Electrolytes, for instance, are essential for cellular development and 
vitality. If either fails, the entire body will not take much time to comply. Exces-
sive losing weight precludes your system of the nourishment it requires to oper-
ate normally. Deficits in some nutrients, such as vitamin D and calcium, might 
raise your risk of developing certain health problems or incline you to damage. 
Anemia, which is defined by sensations of tiredness and collapsing episodes and 
can develop when your iron intake is inadequate, is one instance of a condition 
linked to nutritional insufficiency [50].

3. Energy levels are declining dramatically—Inadequate calorie consumption or 
excessive calorie expenditure will have a negative impact on energy balance. 
Aside from feeling completely tired, your thought functions and creativity may 
suffer. Your mindset may be altered as well; extreme weight loss is usually fol-
lowed by irritability. Even if you are not dieting, you may experience remarkable 
weight reduction. There is typically a more significant underlying condition that 
demands addressed in situations of persistent weight loss when more than 10 
percent of a total of your body composition is dropped over 6 months [50].

5. Conclusion

Long-term management of body weight is considered successful. While meal 
replacement can help with weight loss, it cannot ensure that you will keep it off. 
Minimal carbohydrate, limited GI, and medium fat meals are recommended in 
balanced eating, although it is unclear if they are effective in avoiding excess weight. 
It appears that ingesting fewer calories aids weight loss maintenance. Several unique 
activities have also been linked to weight loss persistence. Eating less sugar-sweetened 
drinks, staying up later at night, and eating more nutritious foods are just a few 
instances of such habits. There is no unique meal that can guarantee weight control. 
As a result, additional study is needed to create techniques for weight management, 
with an emphasis on long-term weight reduction control.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Anorexia nervosa is an eating disorder condition characterized by an abnormal 
fear of gaining weight, driving people to starve themselves and become dangerously 
thin. It involves restricting food intake, which can lead to severe nutritional deficien-
cies. Anorexia nervosa can affect people of all ages, genders, races and ethnicities. The 
effects of anorexia nervosa can be life threatening, but counseling and treatment for 
underlying mental health issues can help people with this condition. Goals of treat-
ment include restoring the person to a healthy weight, treating emotional issues such 
as low self-esteem, correcting distorted thinking patterns, and developing long-term 
behavioral changes. Early diagnosis and treatment are more likely to lead to a positive 
outcome. The physical signs and symptoms of anorexia nervosa are related to starva-
tion. Anorexia also includes emotional and behavioral issues involving an unrealistic 
perception of body weight and an extremely strong fear of gaining weight or becom-
ing fat. This chapter aimed to understand the opportunities embedded and challenges 
encountered in the treatment of anorexia nervosa. Information given will assist the 
patient and team of professionals (primary care physician, mental health profession-
als, nutritionist, counselors) in the treatment of this disorder to support recovery and 
prevent relapse.

Keywords: anorexia nervosa, eating disorder, opportunities and challenges

1. Introduction

Anorexia nervosa is an eating disorder condition portrayed by an abnormal fear of 
gaining weight this drives people to starve themselves and eventually become danger-
ously thin [1]. It is more prominent in females but can also be found in males, a life 
change or traumatic event may be associated with the development of the illness and a 
desire to excel in sports is a contributing factor [2].

Dieting behavior in anorexia nervosa is associated mostly by an intense fear 
becoming obese or gaining excess weight. Individuals with anorexia will say they 
want and are willing to gain weight; their behavior (action) is not in line with their 
intention. For instance, they consume minute amounts of low-energy giving foods 
and engaged in physical exercise beyond the usual. Also, persons with anorexia 
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nervosa intermittently engage in binge eating and purge by vomiting or misuse of 
laxative. Anorexia nervosa is of two types:

• Restricting type, in this type individuals lose weight primarily by dieting,  
fasting or exercising excessively [3].

• Also, Binge – eating or purging type in which persons also engage in intermittent 
binge eating and purging behaviors.

The risk of evolving anorexia nervosa is greater in models, dancers, and athletes 
in sports where appearance and weight are important, especially among wrestlers, 
boxers, gymnast, and figure skaters.

People with anorexia tend to be very successful, they perform well in sports, school, 
work and other activities. They tend to be perfectionists with compulsive, anxious, and 
depressive symptoms. Most times it begins around the time of puberty, but can also 
develop at any time.

Over time, some of the following symptoms may develop related to starvation or 
purging behaviors:

• Menstrual periods cease

• Dizziness or fainting from dehydration

• Brittle hair/nails

Anorexia nervosa is characterized by the individuals’ refusal to maintain adequate 
weight for their height, refusal to feed associated with distortion of the bodily image, 
and denial of their pathological condition [4].

People with anorexia find it difficult to recognize that they have a mental illness 
or psychiatric disorder. This is because it’s hard for them to get out of the habits 
they have developed as a result of anorexia, to recover usually can take some time. 
Although people with anorexia respond to treatment, the earlier the treatment begins, 
the better the chances of a complete recovery. Treatment strategy usually involves 
talking therapies, which include cognitive behavioral therapy, the aim is to change the 
person’s thoughts, feelings, and behavior around food. Nutritional support is essential 
and is offered to help gain weight properly.

2. Causes

The cause of anorexia is currently unknown [1]. Research suggests that a 
combination of certain personality traits, emotions, and thinking patterns, as 
well as biological and environmental factors might be responsible [5]. Cultural 
factors also play a role, where societies that value thinness have higher rates of 
the disease. Additionally, it can be found among those involved in activities that 
value thinness, such as high-level athletics, modeling, and dancing [6]. Diagnosis 
for the disease requires a significantly low weight and the severity of disease 
which is based on body mass index (BMI) in adults is classified as; mild disease 
having a body mass index of greater than 17, moderate a body mass index of 16 to 
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17, severe a body mass index of 15 to 16, and extreme a body mass index which is 
less than 15. For children, a body mass index for age percentile of less than the 5th 
percentile is often used [7].

3. Symptoms

The visible manifestation of anorexia nervosa is related to starvation. It includes emo-
tional and behavioral issues encompassing an unrealistic perception of body weight and 
an extremely strong fear of gaining weight or becoming obese. Many atimes it is difficult 
to notice signs and symptoms because what is considered a low body weight is different 
from individual, while some individuals may not appear extremely thin. Also, people 
with eating disorder often conceal their thinness, eating habits or physical problems.

3.1 Symptoms/signs

Visible signs and symptoms of anorexia include:

• Insomnia

• Dizziness or fainting

• Hair that thins, breaks or falls out

• Thin appearance

• Abnormal blood counts

• Fatique

• Extreme weight loss or not making expected developmental weight gains

• Dizziness or fainting

• Bluish discoloration of the fingers

• Absence of menstruation

• Constipation and abdominal pain

• Intolerance of cold

• Irregular heart rhythms

• Low blood pressure

• Dehydration

• Swelling of arms or legs
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4. Behavioral and emotional manifestation

Behavioral symptoms of anorexia include attempting to lose weight through:

• Exercising excessively

• Restricting food severely through skipping meals or fasting

• Binge eating and self-induced vomiting to get rid of food, this include the use of 
diet aids or herbal products and laxatives.

Emotional signs and symptoms are:

• Frequently skipping meals or refusing to eat

• Preoccupation with food, which sometimes includes cooking elaborate meals for 
others but not eating them

• Eating only a few certain “safe” foods, usually those low in fat and calories

• Denial of hunger or making excuses for not eating

• Not wanting to eat in public

• Lying about how much food has been eaten

• Fear of gaining weight that may include repeated weighing or measuring the 
body

• Frequent checking in the mirror for perceived flaws

• Social withdrawal

• Irritability

5. Treatment for anorexia nervosa

Goals of treatment include restoring the person to a healthy weight, treating 
emotional issues such as low self-esteem, correcting distorted thinking patterns, and 
developing long-term behavioral changes.

Treatment for anorexia recovery is paramount for person who is dealing with 
medical complications as a result starvation, such as gastrointestinal distress, cardio-
vascular disorders such as low blood pressure, dehydration, and more. Psychological 
complications that would entail higher levels of care include urges to suicidal ideation 
or self-harm.

For a person recovering from anorexia nervosa and is medically stable, intensive 
medical intervention might not be necessary. Residential treatment for anorexia 
nervosa may be an appropriate level of care, this treatment may also be ideal for 
individual who is recuperating from anorexia nervosa but is mentally retarded and 
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could not respond to partial hospitalization or outpatient treatment. The rehabilita-
tion process for anorexia nervosa is a complex process, residential treatment can be 
a better choice for a person who is in need of multidisciplinary care for recovery. 
Treatment options will vary depending on the individual’s needs, treatment most 
often involves a combination of the following treatment methods:

• Psychotherapy: This involves individual counseling that focuses on changing the 
thinking (cognitive therapy) and behavior (behavioral therapy). Treatment 
includes practical techniques for adopting healthy attitudes toward food and 
weight, as well as approaches for changing the way the person responds to  
difficult situations.

• Medications: Certain antidepressant medications can be used to help control 
anxiety and depression associated with eating disorder. Some antidepressants 
medications also help to improve sleep and stimulate appetite. Other forms 
medications can be given to help control anxiety and/or distorted attitudes 
toward eating and body perception.

• Nutrition counseling: This approach has been formulated to teach a healthy pattern 
to food and weight, to help restore ideal eating patterns, and to evaluate the 
importance of nutrition and following an adequate diet which is ideal for growth 
and well-being.

• Group and/or family therapy: Family support is very important for a treatment to 
be successful. It is important that family members understand the eating disor-
der and should be able to recognize its physical manifestation. Individuals with 
eating disorders might benefit from group therapy, where they can find support 
and care, discuss their feelings and concerns openly with others who also share 
common experiences and problems.

• Hospitalization: This is essential in order to treat severe weight loss that has 
resulted in malnutrition and other serious mental, psychological and physical 
health complications, such as depression, heart disorders, and risk of suicide. In 
some cases, the patient may need to be fed through intravenous feeding.

6. Anorexia Nervosa: Opportunities in Treatment

6.1 Levels of care

Majority of anorexia nervosa treatment centers provide multiple level of treatment 
to adequately support patients on the path to recovery. The outpatient or day treat-
ment program is the least intensive level of care, this treatment type is formulated 
to help patients who are medically and psychiatrically stable, and can benefit from 
ongoing counseling. Most times, this level of care is endorsed to individuals who have 
undergone residential treatment as they integrate back into their daily lives.

In addition, majority of anorexia treatment centers render a more comprehensive 
residential treatment program. This type of treatment program is ideal for adolescents 
that may be experiencing both medical and psychological issues associated with eat-
ing disorder. Eating disorders such as anorexia nervosa requires medical supervision 
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and guidance before or while a patient is working on the psychological aspects of the 
condition. With residential care, adolescents are able to get the treatment needed for 
any medical issues associated with the disorder and find comfort in a safe space where 
their thoughts and feelings can be fully utilized.

7. Engagement

Most people with anorexia nervosa find it difficult to admit that they have a prob-
lem and are undecided about change. This is a contributing factor to their reluctance 
to engage with treatment and services. Effective engagement of the patient in the 
treatment is a prerequisite for any successful treatment plan, health care workers who 
are involved in the treatment of anorexia nervosa should ensure to build an empathic, 
collaborative and supportive relationship with patients and, if possible, their careers. 
This should be paramount to the care given, motivation to change may go up and 
down over the course of treatment and the therapist must remain sensitive to this.

8. Comprehensive care offered within a controlled environment

One significant benefit of residential treatment is the comprehensive care which 
is being offered in a controlled environment, including medical, psychotherapy, and 
psychiatric supervision and treatment, medical nutrition therapy, support groups, 
and more. The kind of treatment provided is holistic, this can be advantageous for an 
individual who is in the early phases of recovery or needing constant supervision and 
monitoring.

Having the opportunity to establish recovery in a safe and supportive environ-
ment can be of added advantage for individual to heal and recover, particularly if 
their previous home condition or surroundings was not conducive to eating disorder 
recovery. There might be need for an individual to vacate temporarily from their 
environment or everyday demands in order to prioritize their healing and focus more 
on their recovery efforts.

9. Nutrition interventions help to normalize eating habits

Nutrition interventions and meal support can help an individual learn how to  
stabilize eating habits, restrict poor food behaviors, and learn to eat adequately for 
their own body needs. Therapy and nutrition interventions are implemented and 
monitored by specialized team members, which includes a psychotherapist and 
registered dietitian who specializes in eating disorders.

10. Challenges in Treating Anorexia Nervosa

From the Lancet, “Stephan Zipfel and colleagues present results of the Anorexia 
Nervosa Treatment of OutPatients (ANTOP) study, in which two manual-based out-
patient treatments (focal psychodynamic therapy and enhanced cognitive behaviour 
therapy) were compared with optimised treatment as usual, which included careful 
and regular monitoring by family doctors linked to care at specialist treatment 
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centres” [8]. The findings provide some rather sobering observations about treat-
ment of anorexia nervosa, and highlight the difficulties of implementing clinical 
trials for this disorder. This include treatment for anorexia nervosa takes a long time, 
at an average of 10 months’ duration. No brief interventions for the disorder have 
been judged effective. Also, response rate was low as almost a third of patients were 
lost to follow-up a year after the end of treatment (although, compared with other 
anorexia trials, this dropout rate is not bad). For many patients, psychotherapy 
alone did not suffice, and inpatient treatment was needed for some patients during 
the trial [8].

Challenges with residential treatment are of various dimensions and can include 
various factors, including intensity of treatment care and cost. If there is no insurance 
coverage, the cost of residential treatment can be difficult to afford, while some insur-
ance companies will only cover a limited length of stay within residential care.

For some people, transiting from residential treatment to lower levels of treatment 
can be very difficult, as residents are not always prepared and equipped for the trig-
gers of the outside world after their stay.

There should be allowances made for intermittent hospitalisations during anorexia 
outpatient trials because recovery from this disorder is rarely linear. Moreover, 
precipitous weight loss and other medical complications needing hospital treatment 
do not necessarily mean that outpatient care will ultimately fail.

Establishing a collaborative working relationship with families with a young 
person with anorexia nervosa presents a particular challenge that requires time and 
expertise to balance the competing needs of different family members.

A prominent challenge in treating anorexia is that people may not want treatment. 
Barriers to treatment include:

• Not seeing anorexia as an illness but rather a lifestyle choice

• Thinking you do not need treatment

• Fearing weight gain

People receiving inpatient treatment for anorexia nervosa have been found to be 
twice as likely to drop out of treatment compared to general psychiatric inpatients [9].

11. Conclusion

Anorexia nervosa is an eating disorder with short and long term physical conse-
quences. Engagement of patient in treatment plan, getting support from family and 
friends are vital to successful treatment. Most patients with anorexia nervosa receive 
treatment solely on an outpatient basis. However, a substantial minority receive inpa-
tient treatment. Hospital admission may be at ameliorating the effects of the illness 
on the patient’s physical or at achieving progress toward full recovery.

12. Recommendations

• Patient and, where appropriate, careers preference, should be put into consider-
ation in deciding which psychological treatment is to be offered.
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• Majority of people with anorexia nervosa should be managed on an outpatient 
basis embedded with psychological treatment, this should be provided by a 
health care professional competent to give the treatment and also assess the 
physical risk of people with eating disorders.

• Treatment and physical monitoring for anorexia nervosa should not exceed six 
months’ duration in psychological outpatient care.

• If outpatient psychological treatment does not lead to any significant improve-
ment, inpatient care should be considered.

• Dietary counseling should be part of the treatment for anorexia nervosa

• Family members including siblings, should normally be included in the treat-
ment of anorexia nervosa.
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Chapter 12

Mechanism and Impact of Food 
Components in Burning Calories 
from White-to-Brown Adipose 
Tissue
Upasana

Abstract

Obesity is one of the nutritional public health concerns of today’s world. It is 
defined as the abnormal accumulation of fat as a result of positive energy balance in 
the body. As the trend of overweight and obesity is increasing at the fastest pace affect-
ing both children and adults; so, a search of new therapeutic guidelines is required to 
ameliorate the status of weight gain. Various researches are carried on regarding the 
activation of brown adipose tissue (BAT) for amplifying energy expenditure (EE) 
through heat production. Browning of white adipose tissue (WAT), now-a-days gained 
more attention and is considered as another tool for stimulating calorie burning. This 
chapter portrays the recent knowledge of some food ingredients that can enhance 
activation of BAT and browning of WAT with their beneficial health consequences.

Keywords: food components, burning, calories, adipose tissues, overweight, obesity

1. Introduction

Overweight and Obesity is considered as the main chauffeur for an umbrella of 
diseases like type 2 diabetes mellitus, insulin resistance (IR), non-alcoholic fatty liver, 
hypertension, dyslipidemia, heart diseases, orthopedic disorders, asthma, hormonal 
imbalances, several types of cancers, disability, and many other types of diseases. The 
fundamental causes of overweight and obesity are a result of positive energy balance 
between energy intake and its expenditure or a combination of both. The World 
Health Organization (WHO) has reported that obesity more than 1.9 billion adults 
were overweight; of these over 650 million were obese in the year 2016. It was also 
reported by WHO in the year 2019 that 38.3 million children under 5 were overweight 
or obese [1]. There are an array of factors that leads to overweight and obesity which 
include age, gender, genetic predisposition, sedentary lifestyle, socio-economic 
status, faulty eating habits (processed and energy-dense foods), and so on.

Generally, weight management is focused on two modifications i.e., lifestyle modi-
fication and improving eating habits. It is well known that the principal depot for 
energy storage is WAT and on the contrary basis, BAT is responsible for thermogenic 
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energy expenditure. BAT had a significant capacity to dissipate energy and regulate 
triglycerides and glucose metabolism; act as a potential target for the treatment of 
overweight and obesity as well as metabolic disorders [2].

2. Adipose tissues: origin and development

Adipose tissue is fundamentally fabricated from adipocytes as well as pre-adipo-
cytes, macrophages, endothelial cells, fibroblasts, and leucocytes that are considered 
as a major player of systemically metabolic regulation [3]. The adipose tissue acts as 
a central metabolic organ for systematic energy homeostasis by acting as a caloric 
reservoir [4]. It is characterized as an important endocrine organ that is responsible 
for the secretion of many molecules like proteins, lipids and, miRNA (microRNA) [5]. 
These elements act as paracrine and endocrine signals that are critical for the function 
of adipose tissue as well as for non-adipose tissues that are required for the regulation 
of the body’s metabolism and insulin sensitivity [4, 5].

Broadly, adipocytes are classified into two main categories i.e., white or brown 
adipocytes depending upon their morphology and nature of work/function. Adipose 
tissues also act as endocrine organs that are responsible for the secretion of multiple 
hormones. WAT plays a role in fatty acid biosynthesis by storing lipids in form of tri-
glycerides as its cell have large vacuoles and fewer mitochondria. Similarly, BAT plays 
a role in glucose uptake and fatty acid breakdown, leading to energy dissipation and 
heat production. Its cells are multilocular with central nuclei and mitochondria rich in 
the expression of uncoupling protein-1 (UCP-1) that mediates the uncoupling of elec-
tron transport that leads to a decrement in the generation of adenosine triphosphate 
(ATP) from adenosine diphosphate (ADP) with subsequent heat generation [5, 6]. 
The principal function of BAT is non-shivering thermogenesis; an energy-intensive 
process in which chemical energy is transformed into physical heat [5]. Further, the 

Figure 1. 
Physiological, morphological, cell composition, and function of adipocytes. The figure was modified from the 
following research paper by El Hadi et al., 2019.



217

Mechanism and Impact of Food Components in Burning Calories from White-to-Brown Adipose…
DOI: http://dx.doi.org/10.5772/intechopen.104616

process of thermogenesis is also performed by the third type of adipose tissue cell 
known as beige adipocytes. Beige adipocytes have many properties similar to brown 
adipocytes i.e., the presence of multilocular lipid droplets and numerous mitochon-
dria expressing UCP-1 [5]. However, the process of thermogenesis is not restricted 
to brown adipocytes but it may be done by beige adipocytes that may emerge within 
WAT depots in a process known as “WAT browning” [5–7]. The physiological, mor-
phological, cell composition, and function of adipocytes are shown in Figure 1.

3. Food components involved in browning of WAT

Numerous dietary factors are involved in the activation of BAT or browning of 
WAT via the main physiologic mechanism well shown in Figures 2 and 3.

3.1 Polyunsaturated fatty acids (PUFAs)

The major sources of PUFAs, mostly Docosahexaenoic acid (DHA) and 
Eicosapentaenoic acid (EPA) are found in fatty fish such as salmon and anchovies as 

Figure 2. 
Food components involved in the induction of WAT browning. Here, PUFAs- polyunsaturated fatty acids, 
WAT- white adipose tissue, TRPM8- transient receptor potential cation channel melastatin 8, UCP1- uncoupling 
protein 1, TRPV1-transient receptor potential vanilloid 1, SNA- sympathetic nerve activity; AMPK- adenosine 
monophosphate-activated protein kinase, SIRT1- sirtuin-1, PGC-1α-peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha, COMT- catechol-O-methyl-transferase, cAMP- cyclic adenosine monophosphate, 
PDEs- phosphodiesterases. The figure was modified from the following research paper by El Hadi et al., 2019. The 
images used in drawing the figure were extracted from the following links as described below: 1. PUFAs- Walnut- 
https://5.imimg.com/data5/JR/AK/VJ/SELLER-2793878/walnut-500x500.jpg, fish- https://www.bigbasket.com/
media/uploads/p/xxl/40186851_1-fresho-atlantic-salmon.jpg, soyabean oil- https://image.shutterstock.com/image-
photo/soybean-oil-bottle-green-pods-260nw-310996568.jpg, sunflower seeds- https://zonefresh.com.au/wp-content 
/uploads/SUNFLOWER-KERNELS.jpg, 2. Curcumin- https://5.imimg.com/data5/SELLER/Default/2020/9/VE/
PK/ZA/24380440/curcumin-extract-500x500.jpg, 3. Resveratrol- https://news.mit.edu/sites/default/files/styles 
/news_article__image_gallery/public/images/201303/20130307093438-0_0.jpg?itok=xnIFxN6G, 4. Menthol- https://
smhttp-ssl-61936.nexcesscdn.net/media/catalog/product/optimized/7/5/75ea61bf1685045cff4a80f864b6472f/flavor-
west-natural-menthol.jpg, 5. Capsaicin/capsinoids- https://article.innovadatabase.com/articleimgs/article_images/
flavors8.jpg, 6. Green tea- https://femina.wwmindia.com/content/2018/nov/thumbnail1541742051.jpg.
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well as fish oil supplements [6]. Previous studies reported that EPA activates white 
adipocytes to beige-like adipocytes in overweight human subjects by stimulating 
the activation of the adenosine monophosphate-activated protein kinase (AMPK)/
sirtuin-1 (SIRT1) /peroxisome proliferator-activated receptor gamma coactivator 
1-alpha (PGC1- α axis) [6, 8]. Furthermore, many researchers also reported that 
fish oil contributes to brown adipogenesis by acting as a ligand of transient receptor 
potential vanilloid 1(TRPV1) in the digestive tract that triggers through the brain, a β 
2-adrenergical sympathetic response in adipose depots [6].

3.2 Curcumin

Curcumin is the yellow-colored hydrophobic polyphenol that is available 
in extracts of turmeric roots belongs to the family of Zingiberaceae with genus 

Figure 3. 
Dietary components involved in the mechanism involved in brown adipogenesis, mitochondrial biogenesis, and 
energy expenditure. (a) Activation of SIRT1 either directly and/or indirectly through AMPK results in deacetylation 
and interaction of key transcription factors that induce brown and beige adipogenesis as PPAR α/γ and PRDM16. 
It was also found that PPAR/PRDM16 complex was able to bind and activate PGC1α, another co-factor expressed 
in brown and beige adipocytes that trigger the transcription of multiple genes engaged in thermogenesis and 
mitochondrial biogenesis. Likewise, AMPK may also directly magnify PGC1α activity by phosphorylation, which 
ultimately increases mitochondrial biogenesis. (b) The activation of TRPM8 in brown adipocytes increases the 
expression of thermogenic genes through the Ca2 + dependent PKA signaling pathway. (c) Due to the triggering of 
TRPV1 receptors in the gastrointestinal tract, and stimulation of the vagal afferent pathways, neurons within the 
ventromedial hypothalamus get activated. This leads to the induction of a cold-independent adrenergic response 
that intervenes brown adipogenesis. The adrenergic stimulation in brown adipocytes may also be promoted by 
decreasing the deterioration of (d) cAMP and (e) norepinephrine via direct inhibition of PDEs and COMT 
activity, respectively. Here, TRPM8-transient receptor potential cation channel melastatin 8, UCP1- uncoupling 
protein 1, TRPV1-transient receptor potential vanilloid 1, SNA- sympathetic nerve activity, AMPK- adenosine 
monophosphate-activated protein kinase, SIRT1- sirtuin-1, PGC-1α-peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha, COMT- catechol-O-methyl-transferase, cAMP-cyclic adenosine monophosphate, 
PDEs- phosphodiesterases, PUFAs-polyunsaturated fatty acids, Ac-acetyl group, PPARα/γ peroxisome proliferator-
activated receptor alpha/gamma, PKA- protein kinase A, PRDM16- PR-domain containing 16. (+) – stimulation, 
(−)- inhibition, increase. The figure was modified from the following research paper by El Hadi et al., 2019. The 
images used in drawing the figure were extracted from the following links as described below: 1. DNA- https://
images.freeimg.net/thumbs/dna-2316536_1280.png, 2. Brain- https://timvandevall.com/wp-content/uploads/
human-brain-parts-1.jpg, 3. Gastrointestinal tract- https://spng.subpng.com/20180425/fre/kisspng-gastrointestinal-
tract-human-digestive-system-diag-abdominal-5ae0b2080064a3.8564190715246750800016.jpg.
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Curcuma of the plant. It has numerous therapeutic potentials like anti-obesity, 
anti-diabetic, antioxidant, and anti-inflammatory; used as a spice in cooking gener-
ally in India. Akbari et al., 2019 stated that supplementation of curcumin decreases 
body mass index (BMI), percent body fat, leptin and increases adiponectin level in 
obese humans [9]. Earlier studies also reported that curcumin induces browning in 
WAT via adenosine monophosphate-activated protein kinase (AMPK) activation 
and inhibition of preadipocyte differentiation by downregulating the peroxisome 
proliferator-activated receptor gamma (PPAR γ) and CCCAAT/Enhancer Binding 
Protein α (C/EBP α) [5, 10–12].

3.3 Resveratrol

Resveratrol is a natural polyphenol that is mostly found in grapes (Vitaceae family 
with genus Vitis), blueberries (Ericaceae family with genus Vaccinium), cranberries 
(Ericaceae family with genus Vaccinium), red and white wines, peanuts (Fabaceae 
family with genus Arachis), cocoa and dark chocolates (Malvaceae family with genus 
Theobroma). It is well known that resveratrol plays numerous vital roles in the human 
body like anti-inflammatory as well as maintaining glucose metabolism and insulin 
sensitivity which are relevant to obesity [13]. It also possesses anti-lipolytic, cardio-
protective, neuroprotective, and anti-cancerous effects [13]. Earlier studies revealed 
that resveratrol exerts thermogenic effects and contributes to increased respiration 
[14]. Another clinical study stated that resveratrol is considered a natural activator of 
the sirtuins family [15]. AMPK activation by resveratrol can stimulate mitochondrial 
biogenesis through SIRT1 [14]. Additionally, it also activates the deacetylation of 
PGC-1α, a regulator of energy metabolism that leads to ATP production by modulat-
ing mitochondrial function [13].

3.4 Menthol

Menthol is also called mint camphor that is produced from the plant peppermint 
(family Lamiaceae with genus Mentha) or maybe extracted synthetically. Menthol 
possesses various biological properties like anti-inflammatory, anti-bacterial, anti-
pruritic, antitussive, and analgesic properties [6, 16]. Since menthol induces cooling 
sensation by activating the TRPM8 receptor, a Ca2 + − permeable non-selective chan-
nel that detects cold stimuli in the thermosensory system [6, 17, 18]. Several clinical 
studies also reported that menthol stimulates transient receptor potential cation 
channel melastatin 8 (TRPM8) expression on the white and brown adipocytes.

3.5 Capsaicin and Capsinoids

Capsaicin and capsinoids are the compounds that are generally found in red 
peppers belong to the family of Solanaceae with genus capsicum of the plant. Several 
studies reported that capsaicin and capsinoids have various properties like anti-
obesity, anti-diabetic and anti-inflammatory. Earlier studies reported that capsaicin 
and capsinoids played a pivotal role in fat oxidation and EE [19]. Yoneshiro et al., 2013 
reported that supplementation of capsinoids over 6 weeks decreases body weight in 
humans [20]. Despite the above, it was also reported that exposure of cold cumulative 
with ingestion of capsinoids results in activation of brown and beige adipose tissues 
[5, 20]. This activation happens as a result of activation of the transient receptor 
potential cation channel subfamily V member 1 (TRPV1) in the gastrointestinal tract 
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which sends signals to the central nervous system (CNS) leading to 2-AR signaling 
activation in adipose tissue [5, 21]. It was also stated in earlier studies that capsaicin 
triggers browning of WAT by stimulating the expression of SIRT1, UCP1, bone 
morphogenetic protein 8B (BMP8B), and PPAR γ, PGC-1 α in white adipocytes.

3.6 Green tea

Green tea is considered a widely consumed beverage all over the world. It is 
extracted from fresh leaves of a green tea plant named Camellia sinensis belongs to 
the family of Theaceae. It contains huge amounts of polyphenols, mainly tea catechins 
like epicatechin, epicatechin gallate, and epigallocatechin that possesses properties 
like antioxidants, hypocholesterolemic, antihypertensive, and anticarcinogenic [14]. 
Various clinical studies also enumerated that consumption of green tea helps in weight 
management by modifying fat metabolism and calories expenditure. Earlier studies 
also reported that green tea contains a substantial amount of caffeine; which is known 
for its thermogenic properties [6, 22]. Dulloo et al., 1999 in human studies, also stated 
that green tea enhances fat oxidation and energy expenditure [23]. Nevertheless, cat-
echins and caffeine may synergically mediate adrenergic-induced BAT thermogenesis 
by acting at different checkpoints of the norepinephrine-cyclic adenosine monophos-
phate (cAMP) axis. It was recommended that green tea catechins may promote sympa-
thetic nerve activity (SNA) by decreasing the degradation of norepinephrine through 
direct inhibition of catechol-O-methyl-transferase (COMT) [6]. Furthermore, it was 
also reported that caffeine may synergically prolong the effects of norepinephrine by 
direct inhibition of phosphodiesterases (PDEs) activity [6, 23, 24].

4. Conclusion

Overweight and obesity are considered major risk factors for the number of 
non-communicable diseases like type 2 diabetes mellitus, non-alcoholic fatty liver, 
dyslipidemia, heart disease, some types of cancers, and many more. The main cause 
of overweight and obesity is increased fat mass; as all fat depots are not equally cre-
ated. As we know that, adipocytes are present in WAT, contain large single fat droplets 
that act as a reservoir for energy storage. On the other hand, BAT play a specific role 
in thermoregulation. In this chapter, emphasis is given on some dietary components 
that have the potential to activate the regulation of BAT or beige fat development. 
Moreover, various clinical studies and trials showed that dietary components like 
PUFAs, curcumin, resveratrol, menthol, capsaicins/capsinoids, green tea, and many 
more when supplemented in adequate quantity show thermogenic effects. Therefore, 
further research is required to define and describe the methods by which these dietary 
components can be incorporated into the diet as well as about the bioavailability of 
these dietary components. Nevertheless, it can be stated that these dietary compo-
nents may act as a boon in ameliorating the condition of overweight and obesity in the 
future.
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Chapter 13

Association of Fatness and Leg 
Power with Blood Pressure in 
Adolescents
Danladi Musa, Daniel Iornyior and Andrew Tyoakaa

Abstract

This cross-sectional study examined the independent and joint association of fat-
ness and leg power (LP) with resting blood pressure (BP) in adolescents (12 to 15 years) 
in Benue state of Nigeria. The present study comprised 2047 adolescents, including 
1087 girls. Participants were assessed for body mass index (BMI), LP, and resting BP. 
Multivariate regression models assessing the associations of the independent variables 
with BP were conducted. Fatness and LP were independent predictors of resting BP 
among participants and the relationship of LP with BP was more robust in girls than 
boys. Combined fatness and LP in predicting BP was modest (R2 = 10.4–14.3%) after 
controlling for maturity status. Low LP was associated with systolic blood pressure 
(SBP) in both girls (R2 = 9.0%, β = 0.260, p = 0.001) and boys (R2 = 11.0%, β = 0.226, 
p = 0.001). In the model for diastolic blood pressure (DBP), only fatness was associated 
with BP in girls (p = 0.001). The odd of hypertension (HTN) risk among overweight 
girls was 2.6 times that compared to their healthy-weight peers. Girls with low LP were 
0.40 times more likely to develop HTN risk compared to their counterparts with high 
LP. This study has demonstrated that lower body muscle power is more important than 
fatness in predicting HTN in adolescent boys and girls.

Keywords: adolescents, adiposity, hypertension, leg muscle power, ROC curves

1. Introduction

Hypertension (HTN) is a global health problem because of its high prevalence 
with concomitant risk of cardiovascular disease (CVD), kidney disease, and other 
co-morbidities [1]. Although HTN like many other CVD risk factors was previously 
considered an adult health problem, recent evidence has shown that it is increasingly 
becoming a pediatric health problem with its prevalence tracking into adulthood 
[2, 3]. Therefore, if youth at risk of this disorder are identified early, proactive steps 
can be initiated to enhance better health prospects in later life.

Previous studies in the pediatric population have identified HTN as a potent 
antecedent of CVD and its rising prevalence is noticeable not only in industrialized 
countries but more so in developing countries including those in Africa [3–5]. It has 
been documented that elevated blood pressure (BP) in adolescence can be associ-
ated with target organ damage, renal failure, and adverse changes in sympathetic 
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nervous system, all of which can negatively impact cardiac output with resultant 
imbalance in cardiovascular homeostasis [2]. Although the specific etiology of HTN 
remains nebulous, high levels of body fat and low physical activity (PA) or fitness 
level have been found to be major predisposing factors [6]. Several studies in youth 
have demonstrated positive relationships between body fat and resting blood pressure 
[4, 7]. For instance, a cross-sectional study [7] found fatness as well as fitness to be 
independent predictors of resting blood pressure. There is increasing evidence linking 
muscle fitness including muscle power to cardiovascular health in youth [8, 9]. A 
population-based study of American adolescents [10] documented an independent 
association between lower body muscle strength and cardiometabolic risk including 
blood pressure.

Despite the emerging evidence linking muscle fitness to health outcomes in  
youth, studies examining the independent association of lower body muscle power  
(here-in referred to as LP or vertical jump power-VJP) and fatness with BP are exigu-
ous. Further, the interactive effect of fatness and LP on BP needs to be explored. The 
present study aimed to examine the independent and combined associations of BMI 
and VJP with resting BP among in-school adolescents in Benue State, North central 
Nigeria. Specifically, the study determined the independent and joint associations 
of BMI and VJP with resting BP among adolescent girls and boys. The study further 
examined the relationships among BMI, VJP, and BP to determine population-specific 
thresholds for BMI and VJP for predicting risk of HTN among participants. The study 
also examined variations in fatness categories by VJP levels. A better understanding 
of these relationships will help inform more effective intervention programs that 
could lead to improved LP with a concomitant reduction in disease risk among youth 
including the overweight. Thus, it was hypothesized that LP would reduce BP values 
regardless of fatness levels.

2. Methods

2.1 Participants

This cross-sectional study included volunteer participants from selected secondary 
schools in Benue State, North Central Nigeria. Participants were eligible to participate 
in the study if they had no musculoskeletal problems, history of CVD, other reported 
health problems and sickness or had not participated in organized exercise programs 
at least 6 months before data collection. The study purpose and test procedures were 
fully explained to participants after permission was duly obtained from the heads of 
participating schools. The study protocol was approved by the health research ethics 
committee of Benue State University (Ref. No. BSUTHMKD/HREC/2013/017). Written 
informed consent of parents/guardians and assent of participants were sought before 
data collection. All tests were conducted in accordance with the ethical guidelines of the 
Helsinki declaration.

2.2 Study setting

The present study was conducted among adolescents aged 12–16 years in the three 
senatorial districts of Benue State, Nigeria (Benue North, Benue Central, and Benue 
South). Benue state with its capital at Makurdi is located in the North central geopolitical 
zone of Nigeria. The predominant tribes are Tivs, Idomas, Igedes and Etulos. The study 
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covered 11 secondary schools comprising 2100 adolescent girls and boys. Like any typical 
state in Nigeria, secondary schools in Benue State are in two main  categories: public 
and private. The public schools are owned by the government while private schools are 
owned by private individuals and Christian missionaries. The schools start lessons by 
8:00 am and close by 2:00 pm with a 45 minutes break at 10 am.

2.3 Physical characteristics measurement

Participants’ physical characteristic measurements were in accordance with the 
protocol of the International Society for the Advancement of Kinanthropometry 
(ISAK) [11]. Specifically, bare-foot body mass and stature were measured in light 
clothing without shoes and socks with the aid of a calibrated digital weighing scale 
(Model Sec-880, Seca Birmingham, UK) and wall-mounted stadiometer (Model 
Sec-206; Seca, Birmingham, UK) to the nearest 0.1 kg and 0.1 cm, respectively. BMI 
was computed by dividing body mass in kilograms by stature in meter-square (kg.
m−2). BMI was used to estimate body fatness. Body fat was estimated from triceps and 
medial calf skinfolds with the aid of Harpenden skinfold calipers (Creative Health 
Products, Ann Arbor, MI, USA). Measurements were taken three times on the right 
side of a participant’s body and the median was recorded. The revised regression 
equations for black children were used to estimate percent body fat [12]. On the basis 
of their BMI values, participants were categorized into healthy weight (HW) and 
overweight (OW) according to FitnessGram revised data [12].

Waist circumference (WC) which estimates abdominal fat [13] was measured with 
a Lufkin non-extensible flexible anthropometric tape (W606PM Rosscraft, Canada) 
to the nearest 0.1 cm. Details of the measurement procedure have been previously 
described [7]. All physical characteristics measurements were conducted by an 
accredited ISAK-Certified level 2 Anthropometrist (Lead author).

2.4 Pilot test

Before data collection, a pilot test was conducted to refine test administration 
procedures and determine precision of the instruments for data collection. Forty 
adolescent girls and boys ranging in age from 12–15 years that did not form part of the 
sample were recruited for the pilot test. All measurements were made according to 
standard procedures and the Cronbach’s Alpha coefficients were calculated to deter-
mine test reliability. In all cases, the alpha coefficients ranged from 0.820 to 0.896, 
indicating good internal consistency [14].

2.5 Leg power testing

Leg muscle power, a component of muscle fitness was assessed using a vertical 
jump (VJ) field test. The test was conducted indoors on a flat floor with a smooth wall 
using the countermovement jump (CMJ) protocol. Participants were instructed to rub 
chalk on the fingertips of the dominant hand and had a couple of practice sessions 
and then took their turns for the test. In the CMJ protocol, a participant stood with 
the dominant shoulder about 15 cm from the wall with both feet flat on the floor, 
reached as high as possible with the dominant hand, and made a chalk mark on the 
wall. He/she lowered the dominant hand, performed a countermovement by flexing 
the knees and hips, moving the trunk forward and downward and swinging the arms 
backward, and jumped with a swiping motion as high as possible making a second 
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mark on the wall. The score was the vertical distance between the two chalk marks. 
Participants’ scores were converted into VJP values using a regression equation  
[15]. Each participant was given two trials and the best recorded to the nearest cen-
timeter. Detailed description of the protocol is available elsewhere [16]. Participants 
were categorized into high and low groups using their sex-specific VJP receiver 
operating characteristic (ROC) cut-off values.

2.6 Blood pressure measurement

Blood pressure of participants was assessed in the morning while they occupied a 
sitting position after 10 minutes of rest with an oscillometric device. (HEM-705 CP, 
Omron Tokyo, Japan). The resting systolic blood pressure (SBP) and diastolic blood 
pressure (DBP) were monitored on each participant’s right arm using appropriate 
cuff sizes. Measurements were taken 3 times at 2-min intervals, and the average was 
recorded. Specific details of the BP protocol have been previously described [7]. The 
cut-off points for HTN (95th percentile for age and sex) in this study were based on 
the standards of the fourth report on the diagnosis, evaluation, and treatment of high 
blood pressure in children and adolescents 2004 [17].

2.7 Data analysis

Data were checked for normality before analyses with the Kolmogorov–Smirnov 
test. Complete data for all variables were available for 2047 out of 2100 adolescents, 
with a compliance rate of 97.5%. Descriptive statistics were presented as means ± 
SDs, frequencies, and percentage distributions. Student's t-test was used to compare 
the means of both genders on all study variables. Zero-order correlation coefficients 
were calculated to assess the relationships among BMI, VJP, and BP of participants. 
Multiple linear regression analyses were conducted to determine the independent 
and combined associations of BMI, VJP, and resting BP. All analyses were adjusted 
for biological maturation. Biological maturation was estimated from height and 
chronological age using the regression equation of Moore and Co-workers [18]. The 
equation estimates maturity offset (MO) directly. Then, age at peak height velocity 
(APHV) was estimated as the difference between chronological age and MO. The 
independent association of BMI and VJP with BP was further examined using binary 
logistics regression models. Separate analyses were conducted for girls and boys. Odd 
ratios (95%CI) of being hypertensive were calculated between BMI and VJP catego-
ries. The amount of variation in BP explained by the model was determined using 
the Cox and Snell R square and Nergelkerke R square [14]. Models were adjusted for 
MO as a potential confounding variable. The predictive capacities of the independent 
variables for the risk of BP were determined through the ROC analysis with 95% 
confidence intervals (95%CI). Threshold values for identifying risk of HTN were 
determined through area under curve (AUC) values, sensitivity, and specificity. A 
diagnostic test with AUC equal to 1 is perfectly accurate and another with a value of 
0.5 has no discriminatory power. Tests with the AUC of 0.9–1.0 = highly accurate; 
0.7–0.9 = moderate; and < 0.7 = less accurate [19]. All analyses were conducted using 
the statistical package for the social sciences (SPSS Version 20, IBM corporation, 
Armonk, NY, USA).
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3. Results

3.1 Physical and performance characteristics

Participants’ general characteristics are summarized in Table 1. Girls were taller 
(p = 0.032), heavier (p < 0.001), fatter (p < 0.001), had larger WC (p < 0.001), 
higher BMI (p = 0.021), and higher MO (p < 0.001) than boys. Boys had signifi-
cantly higher lean body mass (LBM) (p = 0.003), greater vertical jump height (VJH) 
(p < 0.001), and APHV (p < 0.001) than girls. There were no gender differences in 
chronological age (p = 0.432) and VJP (p = 0.617). Prevalence of HTN among partici-
pants is presented in Figure 1. The average prevalence of HTN (combined) is 9.8% for 
systolic HTN and 8.9% for diastolic HTN. Details of the gender-specific prevalence 
are displayed in Figure 1. Prevalence of OW in the total sample is 4.7% (Girls = 5.0%; 
boys =4.7%). In the case of LP, the prevalence of low LP was 54.6% (girls = 54.4%; 
Boys =54.8%). Although, both genders had healthy BMI, the correlation coefficients 
between fatness and VJP were generally moderate.

3.2 Predicators of BP

As shown in Table 2, VJP had the strongest correlation with the dependent 
variables, especially SBP. Because MO also had strong relationship with the depen-
dent variables, models were adjusted for MO in both genders. Multiple regression was 
conducted to determine independent association of fatness and LP with resting BP 
(Table 3). LP was the only independent predictor (p < 0.001) of SBP and DBP in both 

Variable Combined (n = 2047) Girls (n = 1087) Boys (n = 960) t-value p-value

Age (y) 13.6 ± 1.3 13.6 ± 1.3 13.6 ± 1.3 0.786 0.432

APHV (y) 13.4 ± 1.1 12.6 ± 0.7 14.2 ± 0.7 50.075 <0.001

Stature (cm) 150.3 ± 11.6 150.8 ± 11.0 149.7 ± 12.2 2.149 0.032

MO (y) 0.2 ± 1.4 1.0 ± 1.0 −0.6 ± 1.0 33.6 <0.001

Body mass (kg) 43.5 ± 9.0 44.2 ± 8.7 42.6 ± 9.3 3.931 <0.001

BMI (kg.m−2) 19.3 ± 3.8 19.5 ± 3.7 19.1 ± 3.9 2.319 0.021

Fat (%) 16.0 ± 6.5 18.4 ± 5.6 13.4 ± 6.4 18.597 <0.001

WC (cm) 66.2 ± 8.4 67.1 ± 8.2. 65.1 ± 8.5 5.460 <0.001

LBM (kg) 36.4 ± 7.4 35.9 ± 6.5 36.9 ± 8.3 2.935 0.003

VJH (cm) 23.8 ± 7.6 22.7 ± 7.1 25.0 ± 7.9 6.774 <0.001

VJP (w) 1397.9 ± 507.9 1392.6 ± 481.7 1403.9 ± 536.2 0.501 0.617

SBP (mmHg) 113.6 ± 17.4 115.5 ± 18.1 111.5 ± 16.4 5.174 <0.001

DBP (mmHg) 69.2 ± 13.7 68.8 ± 13.7 69.7 ± 13.7 1.465 0.143

r between BMI and VJP 0.504 0.517

Table 1. 
General characteristics of participants (n = 2047).
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genders, the association with the SBP being stronger. Fatness was not significantly 
associated (p > 0.005) with SBP and DBP in both genders.

3.3 Multivariate models for predicting BP

Hierarchical multiple regression analyses were conducted to determine the joint 
associations of fatness and LP with BP controlling for MO in both genders (Table 4). 

Group Dependent variable Predictors r2 Β P

Girls SBP BMI 0.099 −0.016 0.662

VJP 0.321 <0.001

DBP BMI 0.017 0.068 0.051

VJP 0.084 0.016

Boys SBP BMI 0.111 −0.001 0.968

VJP 0.335 <0.001

DBP BMI 0.010 0.032 0.398

VJP 0.078 0.039

Table 3. 
Fatness and leg power as predictors of SBP and DBP among participants.

Figure 1. 
Prevalence of hypertension in participants.

SBP DBP

Group MO BMI VJP MO BMI VJP

Girls 0.207** 0.147** 0.314** 0.120** 0.110** 0.118**

Boys 0.298** 0.172** 0.334** 0.076* 0.072* 0.094*

* p < 0.05 ** p < 0.01.

Table 2. 
Correlation coefficients among BMI, VJP, and blood pressure.
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For the girls’ SBP model, the covariate explained only 4.3% of the variance in step 1. 
The addition of BMI and VJP in step 2 increased the total variance to 10.4% indicat-
ing that both the independent variables explained an additional variance of 6.1%. LP 
(p < 0.001) and MO (p = 0.014) were the significant predictors, with VJP presenting 
greater explanatory capacity. In the model for boys, fatness and LP explained 23.1% 
with only 8.9% contribution from MO. All variables made significant contributions, 
but MO presented the greatest explanatory power. In the model for DBP, only MO 
and BMI made significant (p < 0.05) contributions in girls, while in the boys’ model, 
no independent variable made any statistically significant (P > 0.005) contribution. 
Details of the results can be found in Table 4.

Results of the logistic regression models (Table 5) indicated that in general only 
VJP and BMI made significant contributions, which were greater in girls. In the girls’ 
model, both fatness (OR = 2.6, 95% CI = 1.29–5.35; p = 0.008) and LP (OR = 0.40, 
95% CI = 0.25–0.64; p < 0.001) were associated with SBP. These results indicate 
that fat girls were 2.6 times likely to develop risk of HTN compared to their healthy 
weight peers. Further, the odd of HTN risk in girls with low LP was 0.40 times that 
of their counterparts with greater LP. As a whole, the model was able to explain 
between 4–9% of the variance in SBP and correctly classified 90.2% of the cases. In 
the Boys’ model, no variable made any significant contribution. However, the model 
also explained between 4–9% of the variation in SBP and correctly classified 90.2% 
of the cases. For the DBP models, only MO (OR = 1.40, 95%CI = 1.15–1.62, p < 0.001) 
in girls made a significant contribution to the model. The model for boys was not 
significant (p < 0.001). Details of the results are in Table 5.

3.4 Threshold of independent variables for detecting HTN

The ROC curve analyses are presented in Table 6. In both genders, the AUCs were 
significantly greater than 0.5 for both VJP and BMI (p < 0.05). The optimal threshold 

Predictor Model 1 Model 2

Group variable r2 Β P r2 Β p

Girls SBP MO 0.043 0.207 <0.001 0.104 0.087 0.014

BMI — — — — 0.021 0.568

VJP — — — — 0.263 <0.001

Boys MO 0.089 0.298 <0.001 0.143 0.231 <0.001

BMI — — — — 0.111 0.005

VJP — — — — 0.165 <0.001

Girls DBP MO 0.014 0.120 <0.001 0.029 0.130 <0.001

BMI — — — — 0.121 0.001

VJP — — — — −0.003 0.949

Boys MO 0.006 0.076 0.019 0.013 0.071 0.091

BMI — — — — 0.066 0.122

VJP — — — — 0.026 0.592

Table 4. 
Multiple regression analysis among Fatness, leg power, and BP among participants.
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in girls for VJP and BMI were 1501.5 W and 18.9 kg.m−2, respectively. Corresponding 
values for boys were 1340.7 W and 18.9 kg.m−2, respectively. Details of the results are 
shown in Table 5. The gender-specific ROC curves are presented in Figures 2 and 3.

In order to further evaluate the influence of fatness and LP on BP, participants 
were divided into four fat/power groups and the results are presented in Table 7. 
The proportion of girls within these categories was 42.1%, 53.0%, 3.6%, and 1.3% 
for low fat/high power, low fat/low power, high fat/high power, and high fat/low 
power, respectively. Corresponding values for boys were 42.2%, 53.3%, 3.0%, and 
1.3%. There were significant group differences in SBP for both girls (F(3,1083) = 7.50, 
p < 0.001) and boys (F(3,956) = 4.99, p < 0.002). For both genders, the differences were 
between the fat/low power group and three other groups (low fat/high power, low 
fat/high power, and high fat/high power). The same group differences were docu-
mented for boys. For DBP in girls, there was a significant (F(3,1083) = 3.66, p = 0.012) 
group difference, the difference was between the two extreme groups. In boys, there 
were no group differences (p = 0.0165).

SBP DBP

Group Pred β OR 95%CI P β OR 95%CI p

Girls MO 0.30 1.35 1.12–1.64 0.002 0.34 1.40 1.15–1.72 0.001 

BMI

HW
OW

0.966 1
2.63

1.29–5.35 0.008 0.82 1
2.27

0.96–
5.34

0.061 

VJP

High
Low

−0.923 1
0.40

0.25–0.64 <0.001 0.431 1
1.54

.96–2.48 0.076 

Boys MO 0.595 1.81 1.44–2.29 <0.001 0.194 1.20 0.96–1.53 0.103 

BMI

HW
OW

0.920 1
2.51

0.96–6.56 0.060 −1.426 1
0.24

.032–
1.80

0.165 

VJP

High
Low

−0.289 1
0.75

0.46–1.23 0.252 −0.312 1
0.73

0.45–1.19 0.208 

Pred = predictor.

Table 5. 
Odds of risk of HTN are stratified according to gender (n = 2047).

Group Variable AUC 95%CI Cut-point Se Sp p-value

Girls BMI 0.573 .518–.627 18.9 0.575 0.516 0.014

VJP 0.696 .649–.743 1501.5 0.698 0.373 <0.001

Boys BMI 0.607 .547–.667 18.9 0.606 0.413 0.001

VJP 0.667 .605–.729 1340.7 0.670 0.484 <0.001

Table 6. 
Receiver operating characteristic analysis for risk of HTN (n = 2047).
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Figure 2. 
Areas under the curve for BMI and VJP in girls.

Figure 3. 
Areas under the curve for BMI and VJP in boys.
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4. Discussion

Recent evidence from both observational and prospective studies in high-and 
middle-income societies has shown overweight youth with low leg muscle power 
exhibit unfavorable cardiometabolic disease risk, including high BP [20, 21]. 
Although HTN, like in the developed world is becoming a health problem in sub-
Saharan Africa, the significance of fatness and leg muscle power in the development 
of HTN remains to be fully investigated among Nigerian youth.

The main findings of this study include: First, the prevalence of HTN is compara-
ble with prevalent rates documented in both industrialized and developing countries 
[22, 23] and it is higher in girls. Second, the relationships among the independent and 
dependent variables are generally weak to moderate. Third, Fatness and LP are inde-
pendent predictors of BP, but LP demonstrated a greater explanatory capacity than 
fatness in girls. Fourth, the joint contribution of fatness and LP in predicting blood 
pressure is modest (10.4–14.3%). Finally, SBP and DBP values varied by fat-power 
groups, with the low fat-high power group indicating the most favorable BP profile 
compared to the fat-low power group with the most adverse profile.

For the total sample documented in this study, the systolic and diastolic HTN 
prevalence of 9.8% and 8.9, respectively, is higher than the rates of 4.9 and 6.5% 
reported for South African adolescents [22]. Similarly, the Global prevalence rate of 
6.9% for African children [23] is also lower than the rates documented in the present 
study. This result implies that HTN in Nigerian youth is increasing at a disturbing rate.

In this study, both fatness and LP are weakly related to BP in both genders, though 
the relationship between leg power and BP is stronger. However, the relationship 
between fatness and LP can be said to be moderate. These results are in agreement 
with previous research [21, 24]. A probable reason for these weak correlations may be 
the low prevalence of overweight among study participants. This has been previously 
observed [25]. Despite the modest relationship between the independent variables 
and BP, the link is still important in health terms.

Results of this study clearly show that LP but not fatness was the independent 
predictor of SBP and DBP in both girls and boys. Our results are consistent with some 
previous reports [20, 25]. These results indicate that leg muscle power is a problem 
among the study participants. As indicated, large proportions of both girls (54.4%) 
and boys (54.8%) had low LP. This result highlights the need to focus on this aspect of 
fitness among this cohort of adolescents. Muscle power is now considered an important 
component of health-related physical fitness, which is associated with a positive health 
prognosis and a lower risk of developing CVD risk in the pediatric population [8].

Girls (n = 1087) Boys (n = 960)

Group n SBP DBP n SBP DBP

Low fat/High power 458 108.6 ± 21.3 70.0 ± 13.5 407 106.2 ± 18.9 70.7 ± 13.7

Low fat/Low power 576 111.0 ± 16.3 67.6 ± 13.8 512 107.6 ± 15.2 68.8 ± 13.7

Fat/High power 39 108.3 ± 17.6 69.9 ± 12.3 29 102.8 ± 15.9 72.0 ± 13.1

Fat/Low power 14 128.0 ± 17.6 74.8 ± 19.6 12 123.4 ± 24.6 69.8 ± 12.2

HP=High power; LP = Low power.

Table 7. 
Differences in BP according to fat/power groups (n = 2047).
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The present study shows the joint contribution of fatness and LP in predicting 
resting SBP was moderate (Girls = 10.4%; Boys = 14.3%). But the major determinant 
of SBP in girls was LP while in boys, maturity status. The association of LP with SBP 
was stronger in girls than boys. A plausible reason for the result in girls may be early 
maturation (Table 1), they also often participate in less vigorous physical activities 
than boys, hence the higher BP levels. Our results are in agreement with those of 
several investigators [20, 21, 26]. But surprisingly, the relationship between LP and 
BP was positive, indicating that participants with greater leg power also had higher 
SBP. It has been observed that confounding variables such as excessive intake of salt, 
alcohol, and cigarette could lead to these results [20]. We are in agreement with these 
speculations as they appear plausible. Fatness was significantly associated with only 
SBP in boys and DBP in girls.

Findings from the present study clearly indicate that resting BP levels varied 
by cut-points of fatness and LP. The poorest BP profile was documented in adoles-
cents who are overweight with low leg muscle power. Specifically, high levels of LP 
resulted in lower resting BP irrespective of fatness status. This result is supported 
by previous research in Norwegian adolescents [21]. This finding is of public health 
significance.

Based on our results and those of others, it may be realistic to believe that fat-
ness and LP are important variables that contribute to the development of HTN 
in adolescents. Worthy of note is the importance of lower body muscle power in 
cardiovascular and musculoskeletal health. For instance, there is increasing evidence 
linking muscle fitness, including muscle power to cardiovascular and general health 
in youth [9, 26, 27]. Indeed, current physical activity guidelines for youth emphasize 
muscle-strengthening activities on a regular basis for improvement in muscle fitness 
[28, 29]. Based on empirical evidence, several authorities have emphasized the 
development of muscle fitness due to its overall health benefits [30–32]. Therefore, 
evidence from the present study and others should serve to stimulate effective public 
health strategies to minimize HTN in adolescents by improving leg muscle power 
and reducing fatness.

Findings from this study should be interpreted in the light of some limitations. 
The cross-sectional design precludes confirmation of cause-and-effect relation-
ship. A major strength of this study was the use of valid field tests of health-related 
physical fitness. These tests use standards that discriminate well between children 
with more favorable cardiovascular health profiles from those with less favorable 
profiles. For instance, results from the logistic regression models showed a very 
high percentage accuracy classification (PAC) in both genders (Girls = 90.2%; 
Boys = 90.2%).

5. Conclusions

In conclusion, LP was independently associated with resting BP in Nigerian 
adolescents. The relationship of LP with BP was more robust in girls. Combination 
of fatness and LP in predicting BP was modest. Variation in BP for girls was best 
predicted by LP while that of boy was biological maturation. The combination of low 
LP and high fatness resulted in the most unfavorable BP profile. These results suggest 
that intervention targeting BP control in adolescents should focus more on leg muscle 
power with less emphasis on body composition, and this should be considered an 
important public health goal.
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