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Chapter 1

The Insulin Journey in the Human 
Body
Marco Infante

Abstract

Insulin represents the paramount anabolic hormone and the master regulator of 
glucose, lipid, and protein metabolism. This chapter describes the sequential stages of 
the physiologic journey of insulin in the human body, from its synthesis/secretion to 
its action in peripheral tissues and, ultimately, to its clearance and degradation. These 
stages include i) insulin synthesis and release from pancreatic beta cells; ii) insulin 
first-pass metabolism and partial clearance in the liver; iii) insulin action on the vas-
culature and exit from the capillary beds; iv) insulin action in peripheral and central 
target tissues (skeletal muscle, adipose tissue, liver, and central nervous system); and 
v) final insulin degradation in the kidney. Each of these stages is regulated by complex 
intracellular mechanisms that take place in different tissues and allow for the anabolic 
actions of insulin. Understanding the abovementioned stages is pivotal to compre-
hending the clinical consequences of impaired insulin secretion and action, as defects 
in one or more of these stages can be associated with the development of insulin 
resistance, metabolic syndrome, and type 2 diabetes mellitus. Additionally, a thorough 
knowledge of the insulin bodily journey can assist clinicians in therapeutic decision-
making for diabetic patients on exogenous insulin therapy in different clinical settings.

Keywords: insulin synthesis, insulin secretion, insulin action, insulin metabolism, 
beta cell, liver, vasculature, skeletal muscle, adipose tissue, brain, kidney, glucose 
metabolism

1. Introduction

The year 2021 marked the 100th anniversary of the discovery of insulin, which 
was first isolated from a dog’s pancreas by Frederick Grant Banting and Charles 
Herbert Best under the directorship of John James Rickard Macleod at the University 
of Toronto in 1921. Insulin purification was then made possible by James Collip. The 
Nobel Prize in Physiology or Medicine 1923 was awarded jointly to Frederick Grant 
Banting and John James Rickard Macleod for the discovery of insulin. This ground-
breaking discovery has since saved and improved the lives of millions of people with 
diabetes worldwide [1].

This chapter aims to describe in detail the sequential stages of the physi-
ologic journey of insulin in the human body, from its synthesis and secretion to 
its action in central and peripheral target tissues and, ultimately, to its clearance 
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and degradation. Specifically, the chapter will focus on five essential stages of the 
insulin bodily journey, namely: i) insulin biosynthesis and release from pancreatic 
beta cells; ii) insulin first-pass metabolism and partial clearance in the liver; iii) 
insulin action on the vasculature and exit from the capillary beds; iv) insulin action 
in skeletal muscle, adipose tissue, liver, and central nervous system (CNS); v) 
final insulin degradation in the kidney [2]. Understanding such stages is clinically 
relevant, as defects in one or more of them can be associated with insulin resistance 
[2–5]. In turn, insulin resistance is often associated with a cluster of cardiometa-
bolic conditions (e.g., type 2 diabetes mellitus, obesity, atherosclerosis, and car-
diovascular disease) that are collectively known as the metabolic syndrome (a.k.a. 
“insulin resistance syndrome”) and can result in high cardiovascular morbidity 
and mortality rates [6, 7]. Additionally, a thorough knowledge of the insulin bodily 
journey can assist clinicians in therapeutic decision-making for diabetic patients on 
exogenous insulin therapy in different clinical settings.

2. Insulin biosynthesis and release from pancreatic beta cells

Human insulin is a 51-amino acid peptide hormone synthesized and secreted by 
the pancreatic beta cells present within the islets of Langerhans. It consists of two 
polypeptide chains (A chain and B chain) linked together by two disulfide bonds 
(with an additional disulfide present within the A chain). The A chain consists of 21 
amino acids, whereas the B chain consists of 30 amino acids. Insulin represents the 
paramount anabolic hormone promoting dietary carbon source deposition, with its 
major action sites being represented by the liver, skeletal muscle, and adipose tissue 
[2]. Production and secretion of insulin from pancreatic beta cells are crucial to main-
taining normoglycemia. In humans, the insulin gene (INS) is located on chromosome 
11. Its transcription is regulated by transcription factors (e.g., Pdx-1, NeuroD1, MafA) 
in response to increased circulating glucose levels [8]. Changes in glucose concentra-
tions influence these beta-cell transcription factors at multiple levels, leading to 
parallel changes in their subcellular localization, expression levels, DNA-binding 
activity, transactivation capacity, and interaction with other proteins [8]. Once 
secreted, insulin exerts its functions by binding the insulin receptor (IR) expressed 
on target tissues. IR is a member of the ligand-activated receptor and tyrosine kinase 
family of transmembrane signaling proteins. The IR is a dimer of heterodimers that 
comprises two α-chains and two β-chains [9]. The human IR (hINSR) gene spans a 
region of greater than 120,000 base pairs (bp) on the short arm of chromosome 19 
[10]. The Insulin Receptor Substrate (IRS) proteins represent a family of cytoplasmic 
adaptor proteins that transmit signals from the insulin and insulin-like growth factor 
1 (IGF-1) receptors to evoke a cellular response [11].

In pancreatic beta cells, insulin is initially translated as preproinsulin, which is 
subsequently processed to proinsulin in the rough endoplasmic reticulum (RER) 
after the cleavage of its N-terminal signal peptide mediated by a signal peptidase. 
C-peptide (a.k.a. the connecting peptide) is a short 31-amino-acid peptide that 
connects insulin’s A-chain to its B-chain in the proinsulin molecule. In the RER, 
proinsulin undergoes rapid folding and disulfide bond formation. During this stage, 
the placement of C-peptide promotes the proper formation of disulfide bonds within 
and between the A and B peptide chains. After transit to the Golgi complex, proinsu-
lin is sorted into immature secretory granules, where it is processed by prohormone 
convertases (PCSK1 and PCSK2) that act by cleaving the C-peptide. C-peptide is 
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subsequently released into the bloodstream as a by-product of proinsulin proteoly-
sis. Then, carboxypeptidase E (CPE) removes C-terminal basic amino acids from 
the resulting peptide chains, leading to the formation of mature insulin, a peptide 
hormone containing 51 amino acids distributed among the A and B chains of 21 and 
30 amino acids, respectively. A and B chains are linked by two disulfide bonds, while 
another disulfide bond is formed within the A chain (Figure 1) [2, 12]. The zinc 
(Zn2+) cation co-crystallizes with insulin to form a hexameric crystal in the mature 
secretory granules. The zinc transporter 8 (ZnT8) or related zinc transporters have 
been suggested to mediate the transport of the insulin hexamer into the secretory 
granules [13]. Insulin granules dock with the plasma membrane through the coordi-
nated interaction and recruitment of exocytic SNARE (soluble N-ethylmaleimide-
sensitive-factor attachment protein receptor) proteins [14]. Indeed, loss or altered 
activity of key SNARE proteins results in impaired insulin secretion [15].

Insulin synthesis is generally rapid (< 2 hours) and highly efficient, as only 
1−2% of the protein remains as proinsulin within mature secretory granules. 
Hyperproinsulinemia indicates a pathological state arising from inefficient proinsu-
lin processing within the beta-cell secretory granules and/or from premature release 
of proinsulin [16]. Indeed, the circulating proinsulin-to-C-peptide ratio (PI:C ratio) 
and proinsulin-to-insulin ratio (PIR) can be used as biomarkers of beta-cell endo-
plasmic reticulum dysfunction and inefficient proinsulin processing [17–19]. On the 
other hand, C-peptide is routinely used as a surrogate marker of endogenous insulin 
secretion due to the following reasons: C-peptide is secreted from pancreatic beta 
cells at an equimolar ratio to endogenous insulin, has negligible hepatic clearance, 
and is excreted at a more constant rate over a longer time compared to insulin, and 
its concentrations are not influenced by therapeutically administered exogenous 
insulin [20].

Figure 1. 
Physiologic stages of proinsulin processing in insulin-secreting pancreatic beta cells. Abbreviations: CPE, 
carboxypeptidase E; PCSK1, Proprotein convertase Subtilisin/Kexin type 1; PCSK2, Proprotein convertase 
Subtilisin/Kexin type 2; RER, rough endoplasmic reticulum. The figure was partly created with images adapted 
from Servier Medical Art licensed under a creative commons attribution 3.0 Unported license (https://smart.
servier.com/).
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2.1 Biphasic insulin secretion

Glucose-stimulated insulin secretion (GSIS) in vitro consists of a transient first 
phase followed by a more sustained second phase. Shortly after the increase in glucose 
concentration following a meal, there is a transient stimulation of insulin secretion 
referred to as “first phase secretion.” This phase is then followed by a gradually devel-
oping secondary stimulation referred to as “second phase secretion” [21]. This bipha-
sic insulin secretion reflects exocytosis of two distinct functional subsets of secretory 
granules in different pools [21]. Most granules (> 95%) belong to the reserve pool 
and are not available for release until they are physically translocated or chemically 
modified. The other subset of granules is referred to as the “readily releasable pool 
(RRP)” and contains less than 5% of the total granule number. Secretory granules 
proceed from the reserve pool into the RRP through a process called “mobilization,” 
which involves one or several ATP-dependent reactions [21, 22]. During the mobiliza-
tion toward the cell periphery, granules must cross a cortical actin network to reach 
the plasma membrane. The rapid first phase of insulin secretion lasts up to 10 minutes 
and results from the fusion of the RRP granules with the plasma membrane. The RRP 
granules are already located at the membrane under basal conditions; these granules 
discharge their cargo in response to nutrient and non-nutrient secretagogues. The 
first phase of insulin secretion is then followed by a second phase associated with 
actin reorganization (to allow the recruitment of insulin secretory granules to the 
plasma membrane) and reaches a plateau at 2−3 hours [23]. Unlike the first phase, the 
second phase of insulin secretion can be evoked by nutrients and fuel secretagogues 
(like glucose) only and involves the mobilization of intracellular granules to t-SNARE 
sites at the plasma membrane to allow the distal docking and fusion steps of insulin 
exocytosis [24]. Thus, the actin cytoskeleton acts as a physical barrier to insulin 
secretion [24]. Conversely, the first phase secretion can also be elicited by non-metab-
olizable stimuli, suggesting that the second phase of insulin secretion represents an 
energy-dependent process. In type 2 diabetes mellitus (T2DM), there are alterations 
in the insulin release pattern that selectively involve the first phase of insulin secre-
tion. This selective loss of the first phase insulin secretion can be the earliest detect-
able defect of beta-cell function after years of compensation for antecedent insulin 
resistance in subjects predisposed to develop T2DM. However, early abnormalities in 
the second phase of insulin secretion have also been described [21, 23].

2.2 Glucose sensing in pancreatic beta cells and insulin granule exocytosis

All the steps leading to the arrival, priming, docking, and fusion of secretory 
granules are regulated by a series of physiologic signals initiated by glucose, which 
represents the paramount metabolic signal evoking insulin secretion.

In humans, glucose enters the beta cell through glucose transporter type 1 
(GLUT1) expressed on the cell membrane [25]. Afterward, the enzyme glucokinase 
(GK)—an isoform of hexokinase—rapidly phosphorylates glucose, leading to pro-
duction of glucose-6-phosphate (G6P), which fuels the mitochondrial tricarboxylic 
acid (TCA) cycle via glycolysis and pyruvate generation. The completion of the TCA 
cycle leads to generation of ATP (adenosine triphosphate) from ADP (adenosine 
diphosphate) by ATP synthase, resulting in increases in the cytosolic ATP/ADP ratio. 
In turn, the increases in the cytosolic ATP/ADP ratio regulate cell membrane potential 
through inhibition and closure of ATP-sensitive K+ (KATP) channels, thus generating 
cell membrane depolarization (conversion of chemical to electrical signaling). When 
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a certain threshold potential is exceeded (−55 mV to −50 mV), voltage-dependent 
Na+ and Ca2+ channels are activated and cause repetitive action potential spiking. The 
Ca2+ influx via voltage-gated Ca2+ channels results in the elevation of intracellular 
Ca2+ concentration, which subsequently triggers the fusion of the insulin granule 
bilayer with the plasma membrane (insulin granule exocytosis) and the release of 
insulin from the beta cell [26].

Although insulin is secreted primarily in response to glucose, additional nutrients 
and metabolic factors can amplify the glucose-induced insulin secretion, such as 
the gut-derived hormones called incretins (glucagon-like peptide-1 and glucose-
dependent insulinotropic polypeptide), free fatty acids (FFAs), and amino acids [27]. 
Beta cells release insulin directly into the interstitial space of the pancreas, which is 
surrounded by a fenestrated endothelium that permits insulin to find its way into 
the portal circulation readily and to undergo the first-pass metabolism in the liver 
subsequently.

Beta cells’ electrical and Ca2+ responses within a pancreatic islet are synchronized 
thanks to gap junctions and paracrine and autocrine signals (e.g., ATP) [28–30]. The 
communication between beta cells within pancreatic islets contributes to the oscilla-
tions in insulin secretion, which occurs with a periodicity of 5−10 minutes in healthy 
individuals [31]. Yet, it is still unclear how several individual islets within the human 
pancreas (approximately one million) communicate and synchronize their insulin 
secretory oscillations to allow a pulsatile insulin release from the whole pancreas 
[2]. In this regard, it has been suggested that an intrapancreatic neural network may 
coordinate activity among different islet populations [2, 32].

3. First-pass hepatic insulin clearance and insulin action in the liver

Although pancreatic beta cells secrete insulin, the liver acts as a gatekeeper that 
regulates the amount of insulin allowed to reach the systemic circulation for action 
on target peripheral tissues through a process called “first-pass insulin clearance.” 
Therefore, the liver is the first organ that insulin encounters along its journey in the 
human body. It acts as a buffer to prevent peripheral hyperinsulinemia and subsequent 
insulin resistance in skeletal muscle and adipose tissue [6, 33]. The hepatic portal 
vein, which is the main vessel of the portal venous system, drains the blood from the 
gastrointestinal tract, gallbladder, pancreas, and spleen to the liver. As such, the portal 
vein also delivers insulin from the pancreas to the liver in discrete pulses occurring 
approximately every 5 minutes [34]. The magnitude of these insulin pulses varies 
between 0.5 and 1 nmol/L in the fasting state and ∼5 nmol/L after a meal [34, 35]. 
Enhanced insulin release in response to hyperglycemia is achieved by amplifying these 
high-frequency pulses [34]. The pulsatile insulin delivery through the portal vein to 
the liver regulates both hepatic insulin action and hepatic insulin extraction [36, 37].

Insulin reaches the liver through the portal vein at concentrations up to 10-fold 
higher than the insulin concentrations in the systemic circulation, thus creating a 
“portal-systemic gradient” mainly maintained by the significant hepatic insulin deg-
radation [38]. Hence, the liver is exposed to substantially higher insulin concentra-
tions than other insulin-responsive tissues such as skeletal muscle and adipose tissue.

Hepatocytes represent the cellular site where insulin clearance takes place. After 
its release into the portal circulation, insulin reaches the capillaries of the hepatic 
sinusoids, which, unlike other blood vessels, lack a basement membrane and are 
lined only by fenestrated (porous) endothelial cells [39]. The unique structure of 
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hepatic sinusoids allows the exchange of contents between the blood and the sur-
rounding hepatocytes. Thus, insulin easily diffuses from the portal circulation into 
the perisinusoidal space (the space between the sinusoids and the hepatocytes) and 
directly interacts with the hepatocyte surface. Receptor-mediated insulin uptake 
followed by insulin degradation in hepatocytes represents the underlying mechanism 
of hepatic insulin clearance [40]. Insulin binds the IR located on the microvilli of 
the hepatocyte membrane. The IR-insulin complex (receptor-ligand complex) is 
then internalized through clathrin-mediated endocytosis [41–43]. The subsequent 
loss of IR on the hepatocyte surface is followed by rapid recycling and reinsertion 
of intact and unbound IRs in the plasma membrane [44]. Michael et al. [45] showed 
that liver-specific insulin receptor knockout (LIRKO) mice exhibit dramatic insulin 
resistance due to alterations in the IR-mediated insulin endocytosis and degradation, 
which resulted in marked hyperinsulinemia due to a combination of increased insulin 
secretion and decreased insulin clearance. These findings support the importance of 
physiologic hepatic insulin signaling in regulating glucose homeostasis and maintain-
ing normal liver function.

Hepatocytes express high levels of the enzyme CEACAM1 (carcinoembryonic 
antigen-related cell adhesion molecule 1), a transmembrane glycoprotein phosphory-
lated by the IR and allowing the formation of an insulin-IR-CEACAM1 complex [46]. 
This complex upregulates the IR-mediated insulin endocytosis and degradation. The 
importance of CEACAM1 in hepatic insulin clearance has been demonstrated by ani-
mal studies showing that defects in insulin-stimulated hepatic CEACAM1 phosphory-
lation led to severe hyperinsulinemia and consequential insulin resistance, impaired 
glucose tolerance, and hyperglycemia [47]. The insulin degradation process begins 
upon insulin binding to the hepatocyte plasma membrane, where insulin is partly 
degraded by the extracellular insulin-degrading enzyme (IDE) [48]. The remaining 
insulin is degraded after internalization into the hepatocyte by IDE in endosomes and 
through proteolysis in lysosomes [2].

The half-life of insulin in the portal circulation is ~3−5 minutes [49]. Under 
physiologic conditions, up to 80% (usually 50%) of secreted insulin is degraded 
during its first-pass hepatic clearance [50]. Thus, the insulin concentration in the 
systemic circulation is about one-third that in the portal circulation (3:1 ratio of 
hepatic to peripheral insulin levels). The remaining undegraded insulin exits the 
liver through the hepatic veins and reaches the heart through the inferior vena 
cava. The heart then pumps insulin into the systemic (arterial) circulation toward 
the target tissues (skeletal muscle, adipose tissue, liver, and brain), where insulin 
exerts its actions. Approximately 25% of undegraded insulin returns to the liver 
(specifically, to the hepatic sinusoids) via the hepatic artery and undergoes a sec-
ond round of insulin degradation in the hepatocytes (“second-pass hepatic insulin 
clearance”) [2].

Hepatic insulin degradation represents a physiologic mechanism modulating the 
amount of insulin that reaches the systemic circulation according to the metabolic 
demands and the insulin concentration that is required in the periphery. Under 
pathological conditions characterized by insulin resistance (e.g., obesity), there is 
a decreased hepatic insulin clearance rate that compensates for reduced peripheral 
insulin sensitivity and contributes (together with an increased insulin secretion rate) 
to the compensatory hyperinsulinemia of insulin-resistant individuals [51]. In this 
regard, Lee et al. showed that CEACAM1 expression is decreased in the hepatocytes of 
diabetic and nondiabetic patients with severe obesity and fatty liver disease, both of 
which are conditions commonly associated with insulin resistance [52].
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3.1 Insulin action in the liver

Besides being involved in insulin degradation, the liver represents a major 
target tissue where insulin acts through the phosphoinositide 3-kinase (PI3K)/Akt 
pathway, which is a key signaling pathway mediating the insulin effects on anabolic 
metabolism in all organisms [3, 53]. Notably, insulin regulates hepatic glucose 
output by promoting glycolysis and glycogen synthesis (via activation of glycogen 
synthase) and by suppressing gluconeogenesis (de novo glucose production) and 
glycogenolysis (glycogen breakdown) [54]. This mechanism of action permits the 
hepatic storage of glucose as glycogen so that the hepatic glucose output prevails 
in the interprandial periods (when insulin action ceases) and/or upon stimulation 
by counterregulatory hormones (predominantly glucagon) that promote hepatic 
glycogenolysis and gluconeogenesis [55].

Glycogen synthesis (a.k.a. glycogenesis) and glycogenolysis are reciprocal path-
ways regulated by the balance between circulating insulin and glucagon concentra-
tions under fed and fasting conditions, respectively [6]. Glucose production by the 
liver is finely regulated by insulin and counterregulatory hormones (e.g., glucagon), 
neural mechanisms, and nutrient supply. After glucose ingestion, insulin is released 
from the pancreatic beta cells into the portal circulation. It potently and rapidly inhib-
its hepatic glucose production (HPG) by directly suppressing glycogenolysis via the 
PI3K/Akt pathway, inhibiting the glycogen phosphorylase [6]. At this stage, insulin 
also promotes hepatic glucose uptake and glucose storage as glycogen by activating 
the enzyme glycogen synthase phosphatase, which catalyzes the dephosphorylation 
and subsequent activation of glycogen synthase [6, 56]. Moreover, insulin released 
from pancreatic beta cells after a meal suppresses HPG through its ability to inhibit 
the pancreatic alpha cell secretion of glucagon [57], a well-known counterregulatory 
hormone that stimulates hepatic gluconeogenesis [58].

Hepatic gluconeogenesis consists of the synthesis of glucose from non-carbo-
hydrate precursors (such as lactate, pyruvate, glycerol, propionate, and alanine). 
It contributes to approximately 50% of all HGP following overnight fasting [6]. 
Although the liver is the major site of gluconeogenesis, a smaller contribution to 
this process is also provided by the kidney, small intestine, skeletal muscle, and 
brain [59–62].

In the fed state, insulin inhibits hepatic gluconeogenesis primarily via direct mech-
anisms by acting as a potent negative regulator of different gluconeogenic enzymes 
in hepatocytes—such as glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate 
carboxykinase (PEPCK)—after its release into the portal circulation [6, 63–65]. 
However, insulin-mediated inhibition of hepatic gluconeogenesis also occurs through 
indirect mechanisms, namely via the insulin-mediated suppression of lipolysis, 
which results in decreased FFA availability and reduced hepatic acetyl-coenzyme A 
(acetyl-CoA) levels. Yet, this indirect pathway becomes relevant mainly when insulin 
is administered peripherally, and the physiologic (positive) portal-systemic blood 
insulin gradient is disrupted [6].

Under fasting conditions, glucagon inhibits the activity of the enzyme pyruvate 
kinase (PK), thus promoting the utilization of phosphoenolpyruvate for gluconeo-
genesis. In the fed state, insulin counteracts this process, favoring the uptake and 
oxidation of glucose in the liver [6, 66].

In the liver, insulin also controls lipid homeostasis by stimulating de novo lipogen-
esis and by regulating hepatic triacylglycerol (TAG) secretion via very-low-density 
lipoprotein (VLDL)-TAG export. This is in line with insulin acting as an anabolic 
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hormone that promotes energy storage in both liver and adipose tissue. Specifically, 
insulin regulates VLDL production in the liver by targeting apolipoprotein B (apoB) 
for degradation and reducing apoB synthesis [67]. In the postprandial period, the 
increase in portal insulin concentrations reduces hepatic VLDL output and allows 
for temporary triglyceride storage for future secretion. Indeed, insulin induction of 
hepatic de novo lipogenesis favors triglyceride synthesis and occurs independently of 
insulin effects on apoB. Under conditions of insulin resistance, there is a higher apoB 
availability, which results in hepatic VLDL hypersecretion (coupled with stimulation 
of hepatic de novo lipogenesis). In turn, the hepatic VLDL hypersecretion results 
in the packaging of excess triglycerides into larger-sized VLDL particles (termed 
VLDL1) and more numerous VLDL particles, thus inducing hypertriglyceridemia 
[68]. Indeed, enhanced secretion of VLDL-TAG and hypertriglyceridemia are hall-
marks of insulin-resistant conditions, such as obesity or non-alcoholic fatty liver 
disease (NAFLD) [53].

4. Insulin action in the vasculature

In systemic circulation, insulin starts to exert its hemodynamic effects on the 
vessels by promoting vasodilation and increasing blood flow to allow its own 
delivery to the peripheral tissues. In the macrovasculature, insulin binds the IR 
expressed on the endothelial cells and leads to the phosphorylation of the insulin 
receptor substrate 2 (IRS-2), which, in turn, results in the activation of class I 
PI3K that is linked downstream to the Akt/PKB (protein kinase B) signaling path-
way. The downstream activation of Akt causes phosphorylation and activation of 
endothelial nitric oxide synthase (eNOS), which, in turn, catalyzes the synthesis 
of nitric oxide (NO) from L-arginine [69]. Subsequently, NO rapidly and freely 
diffuses to the adjacent outer layer of vascular smooth muscle cells (VSMCs), 
where it activates the intracellular enzyme guanylate cyclase that converts gua-
nosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). The 
increase in intracellular cGMP concentration results in the activation of protein 
kinase G (PKG), which, in turn, causes reductions in intracellular Ca2+ concentra-
tion and subsequent relaxation of vascular smooth muscle and vasodilation via 
activation of the myosin light-chain phosphatase [70]. Insulin action in target 
tissues is temporally linked to the insulin’s vascular effects. For example, insulin 
acts on the vasculature to enhance its own delivery to skeletal muscle by inducing 
the relaxation of resistance vessels to increase blood flow and by promoting the 
relaxation of precapillary arterioles to increase the microvascular exchange sur-
face perfused within the skeletal muscle (microvascular recruitment) [71]. Thus, 
insulin rapidly recruits skeletal muscle capillaries by a NO-dependent action, and 
the increase in capillary recruitment represents an early insulin effect promoting 
glucose uptake by the perfused myocytes [72]. Indeed, microvascular recruitment 
precedes both the activation of insulin signaling pathways and the increases in 
glucose disposal in skeletal muscle [72]. Under resting conditions, only 30−50% 
of muscle capillaries are perfused, and this proportion increases 2- to 3-fold in 
response to exercise and insulin action [6, 73]. During insulin resistance and 
in the presence of diabetes, obesity, and/or use of nitric oxide synthase inhibi-
tors, vasoactive effects of insulin (including microvascular recruitment) can be 
impaired [71, 74–76].
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When insulin reaches the capillaries of its target tissues (skeletal muscle 
and adipose tissue), it must pass through the capillary’s continuous endothelial 
lining to access the interstitial space and the parenchymal cells (myocytes and 
adipocytes). As capillaries are composed of a single layer of endothelial cells with 
interendothelial junctions, two possible routes have been proposed to explain the 
mechanism of insulin egress from the microvascular capillary endothelium toward 
the interstitial space and the parenchyma tissues (skeletal muscle and adipose 
tissue). In particular, insulin may cross the capillary endothelia via a transcellular 
route (through individual endothelial cells via receptor-mediated endocytosis 
and/or via fluid-phase endocytosis) or via a paracellular route (between adjacent 
endothelial cells) [2, 77].

It is worth noting that NO acts as a potent vasodilator and antiatherogenic mol-
ecule. NO synthesis is stimulated by insulin in VSMCs [78]. Thus, insulin exerts 
cardioprotective effects, whereas insulin resistance alters the NO synthesis causing 
accelerated atherosclerosis, coronary artery disease, and hypertension (all conditions 
frequently associated with obesity and/or T2DM). In addition, hyperinsulinemia 
secondary to insulin resistance leads to stimulation of the mitogen-activated protein 
kinase (MAPK) pathway, which results in enhanced VSMC growth and proliferation, 
inflammation, and atherosclerosis [79]. This occurs because MAPK can be activated 
either by insulin receptor substrate 1 (IRS-1) or by the adapter protein Shc; in insulin-
resistant states, phosphorylation of IRS-1 on tyrosine residue is impaired, while Shc 
activation remains intact [6].

5. Insulin action in skeletal muscle and adipose tissue

Insulin acts as the master regulator of glucose metabolism, with one of its major 
actions being the increase in glucose uptake by skeletal muscle and adipose tissue. This 
process involves the translocation of the polypeptide called glucose transporter type 4 
(GLUT4) into the plasma membrane of myocytes and adipocytes. Within minutes of 
insulin binding to its receptor, cytoplasmic vesicles containing GLUT4 (constituting 
a specialized intracellular organelle called “GLUT4 storage vesicles” or GSVs) trans-
locate from the cytoplasm to the cell surface, fuse their membrane with the plasma 
membrane, and insert GLUT4 glucose transporters into the plasma membrane, thus 
permitting glucose uptake [80]. GLUT4 translocation is finely regulated at several 
stages, and this process does not involve the internalization of the insulin-IR complex.

The GLUT4 storage compartment is in dynamic communication with general recy-
cling endosomes, thus generating a steady-state whereby ∼90−95% of GLUT4 resides 
intracellularly at any point in time in both adipose and muscle cells [2, 81]. In muscle 
and adipose cells, insulin binds to IR on the cell surface, promotes the IR tyrosine 
kinase activity toward autophosphorylation, and activates the downstream insulin 
signaling cascade to PI3K and Akt, which results in the dynamic remodeling of corti-
cal actin filaments and rapid mobilization of GSVs from perinuclear/cytosolic depots 
toward the cell periphery; this mobilization ultimately allows GSV tethering, dock-
ing, and fusion with the plasma membrane [2, 82]. Reduced GLUT4 translocation 
to the plasma membrane has been described in skeletal muscle of diabetic rodents 
and humans as a consequence of defects in the insulin-mediated signals promoting 
GLUT4 vesicle release from the GSV organelle and GLUT4 vesicle interaction-fusion 
with the plasma membrane [83, 84].
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The GLUT4 transporter is expressed in all insulin-sensitive tissues,  including 
adipose tissue and skeletal and cardiac muscle [6, 85]. On the other hand, GLUT1 
is insulin-insensitive and represents the basal glucose transporter in adipose 
tissue, skeletal muscle, erythrocytes, and the brain. Glucose transporter type 2 
(GLUT2) is the major glucose transporter required for glucose sensing and 
hepatic glucose uptake and output; it is the major member of the GLUT family in 
pancreatic beta cells and hepatocytes, but it is also abundant in the intestine and 
kidney [6, 86].

Approximately 60−70% of the ingested glucose load escapes the hepatic glucose 
uptake and is disposed of (under the insulin action) by muscle and other obligate 
glucose utilizers such as smooth muscle, CNS, and formed blood elements, with about 
two-thirds of the glucose entering the glycogen synthetic pathway and about one-
third entering the glycolytic pathway [6, 87]. Quantitatively, the glucose uptake by 
adipose tissue accounts for about 5−10% of the ingested glucose load [6].

5.1 Insulin action in skeletal muscle

Skeletal muscle represents the body’s largest reservoir of carbohydrate and 
protein. Therefore, it is highly dependent on the insulin-mediated uptake of glucose 
and amino acids to sustain such intracellular nutrient pools [6]. Following a meal, 
approximately 60−70% of the ingested carbohydrate is disposed of (under the insulin 
action) by skeletal muscle, highlighting the critical role of insulin-mediated muscle 
glucose uptake in postprandial glycemic control [6, 88].

In skeletal muscle, insulin binds to the extracellular domain (α subunits) of the IR 
expressed on the myocellular membrane. This binding leads to the transphosphoryla-
tion of the intracellular IR β subunits and to the tyrosine phosphorylation of IRS pro-
teins [6, 89, 90]. Then, phosphorylated IRS-1 activates PI3K, leading to the generation 
of phosphatidylinositol 3,4,5-trisphosphate (PIP3) and subsequent phosphorylation 
and activation of Akt, that ultimately stimulates GLUT4 translocation from the 
intracellular GSV organelle to the plasma membrane [6, 91].

In myocytes, insulin upregulates the transcription and activity of the enzyme 
hexokinase II. This enzyme catalyzes the intracellular phosphorylation of glucose to 
G6P [92–94], which is readily utilized for the synthesis and storage of glycogen and 
conversion into pyruvate via the glycolytic pathway. Insulin activates the enzyme 
pyruvate dehydrogenase, which transforms pyruvate into acetyl-CoA. Skeletal muscle 
glycolysis is primarily driven by the rate of acetyl-CoA generation in the mitochondria 
[6, 95]. The increase in intracellular concentration of G6P also promotes glycogen 
synthesis (especially in the presence of sustained muscle glucose uptake), since G6P 
acts as a major allosteric activator of glycogen synthesis via inhibition of glycogen 
phosphorylase and activation of glycogen synthase [96, 97]. Impairment in insulin-
induced hexokinase II expression has been suggested to contribute to insulin resis-
tance in obesity and T2DM [98].

According to its anabolic actions, insulin plays an essential role in the regulation 
of muscle protein metabolism and maintenance of skeletal muscle mass by suppress-
ing muscle proteolysis (through the inactivation of autophagy mediated by Akt) and 
by stimulating muscle protein synthesis (via activation of the mammalian target 
of rapamycin complex 1, a key effector of cellular protein synthesis) [6, 99]. After 
ingesting a meal, the increase in circulating amino acid concentrations allows for 
the net stimulation of muscle protein synthesis induced by the postprandial rise in 
circulating insulin levels [6, 100].
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5.2 Insulin action in adipose tissue

Adipose tissue represents the major storage site of fatty acids, which are 
released in the circulation in the form of FFAs after the process called “lipolysis”, 
which consists of the hydrolysis of triglycerides within the adipocytes. During 
fasting conditions, lipolysis allows for the use of FFAs as an energy source for 
peripheral tissues. Insulin plays a crucial role in adipose tissue metabolism by 
stimulating glucose uptake, inhibiting lipolysis (in a dose-response manner), and 
promoting lipogenesis (with subsequent storage of triglycerides in adipocytes) [6]. 
FFAs are transported into adipocytes by the scavenger receptor CD36, while glu-
cose is transported into adipocytes by GLUT1 (insulin-independent) and GLUT-4 
(insulin-dependent) transporters. The intracellular glucose is then used to syn-
thesize glycerol-3-phosphate (G3P), which is necessary for triglyceride synthesis. 
Indeed, triglyceride synthesis starts with the generation of diacylglycerols (DAG) 
from the conversion of glucose into G3P and the binding of two fatty acid acyl-CoA 
molecules [6].

It has been shown that GLUT4 expression is reduced in insulin-resistant patients 
with obesity and T2DM [101], thus explaining the reduced glucose uptake observed in 
visceral and subcutaneous fat of insulin-resistant subjects [6].

In adipocytes, insulin binds to IR leading to tyrosine phosphorylation and activa-
tion of the IR, resulting in the interaction with IRS-1 and IRS-2 and subsequent 
activation of the PI3K complex [6]. Insulin-mediated activation of PKB promotes the 
activation of the mammalian target of rapamycin complex 1 (mTORC1), which ulti-
mately results in the inhibition of the adipose triglyceride lipase (ATGL). The enzyme 
ATGL stimulates the hydrolysis of triglycerides to DAG, with subsequent release 
of one fatty acid molecule. Insulin also inhibits, via a PKB/Akt-dependent action, 
the subsequent steps of lipolysis by reducing the activity of the enzyme hormone-
sensitive lipase (HSL), which hydrolyzes DAG to monoacylglycerol (MAG) with the 
release of one fatty acid molecule [6, 102].

In patients with obesity and/or insulin resistance, a resistance to the antilipolytic 
effect of insulin leads to a chronic increase in circulating levels of FFAs under fasting 
and fed conditions (despite the postprandial hyperinsulinemia). The chronic increase 
in circulating FFA levels causes detrimental effects via lipid accumulation in non-
adipose tissues such as liver, skeletal muscle, heart, kidney and pancreatic beta cells 
(a phenomenon known as “lipotoxicity”), and potentially leads to the development of 
T2DM [103–105].

6. Insulin action in the brain

The brain relies on glucose as its major fuel. Glucose is transported across the cell 
membranes by facilitated diffusion mediated by two main glucose transporter pro-
teins (GLUT1 and GLUT3) that are differentially expressed in brain endothelial cells, 
astrocytes, and neurons [106]. The glucose transport into most neurons depends 
on glucose transporter type 3 (GLUT3). In contrast, the glia and brain endothelial 
cells depend on GLUT1 activity for glucose uptake from brain interstitial fluid and 
plasma, respectively [107]. As insulin is not needed for GLUT1- or GLUT3-mediated 
glucose transport, it is not required for glucose transport into most brain cells [108]. 
Therefore, the brain and the CNS have long been considered “insulin insensitive 
and unresponsive.” However, evidence from the last two decades has supported that 
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the brain is an insulin-responsive organ and that insulin exerts neuroregulatory 
properties and additional pleiotropic actions in the CNS [109]. First, insulin can 
cross the blood-brain barrier via a receptor-mediated process [110], thus achieving 
concentrations in the cerebrospinal fluid that are approximately one-third of those 
in the systemic circulation. In the CNS, insulin primarily regulates appetite and 
energy expenditure by decreasing the expression of the two orexigenic neuropep-
tides, namely neuropeptide Y (NPY) and agouti-related peptide (AGRP)—released 
by the same set of neurons within the arcuate nucleus of the hypothalamus—and 
by increasing the expression of the anorexigenic polypeptide pro-opiomelanocortin 
(POMC) [111–113].

Growing evidence over the past decade has also shed light on insulin’s function 
in the brain as an important regulator of mood, memory, and cognition, in light 
of the trophic and developmental actions of insulin on neurons and glial cells. In 
this regard, accumulating evidence suggests that intranasal insulin administration 
may represent a valid therapeutic option to improve cognitive function in neuro-
degenerative diseases by means of its ability to increase cerebral insulin levels and 
reverse brain insulin resistance [114–117]. Indeed, defects in brain insulin action 
and altered insulin receptor signaling have emerged as potential contributors to 
Alzheimer’s disease pathophysiology, so this condition has also been termed “type 3 
diabetes” [118, 119]. Defects in insulin signaling also provide a link between dia-
betes and CNS disorders through direct neuronal effects and regulation of mito-
chondrial function, cholesterol synthesis, tau phosphorylation, and amyloid-beta 
peptide (Aβ) processing [117, 120].

In the brain, insulin also influences body temperature control, since insulin or 
IGF-1 injection into the preoptic area of the hypothalamus can activate brown adipose 
tissue and induce hyperthermia. This effect is lost in neuron-specific IR knockout 
(NIRKO) mice, suggesting that it is mediated by IR [121]. Studies in NIRKO mice have 
also shown that insulin acts in the brain to regulate the counterregulatory response 
to hypoglycemia by directly altering glucose sensing in hypothalamic neurons and 
shifting the glycemic levels necessary to evoke a normal sympathoadrenal response 
[122]. Yet, the exact cellular mechanisms underlying all the abovementioned actions 
of insulin in the CNS remain to be elucidated.

7.  Brief overview of systemic insulin actions following postprandial 
insulin secretion

Insulin is the paramount anabolic hormone promoting carbon energy storage in 
adipose tissue, skeletal muscle, and liver. As such, insulin represents the master regu-
lator of glucose, lipid, and protein metabolism. Following glucose ingestion, there is 
a rise in plasma glucose concentrations and subsequent glucose-mediated stimula-
tion of insulin secretion by pancreatic beta cells. The resultant hyperglycemia and 
hyperinsulinemia determine a series of closely coordinated metabolic responses that 
return the plasma glucose concentration to normal values within 2 hours, namely: 
a) inhibition of glucagon secretion from pancreatic alpha cells and direct suppres-
sion of endogenous glucose production (mainly HGP); b) inhibition of lipolysis and 
subsequent decline in plasma FFA and glycerol concentrations, which results in the 
indirect suppression of HGP and augmented muscle glucose uptake (as FFAs promote 
HGP and inhibit muscle glucose uptake) [123]; c) stimulation of glucose uptake by 
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myocytes, hepatocytes, and adipocytes; d) skeletal muscle vasodilation contributing 
to enhanced muscle glucose disposal [6].

8. The role of the kidney in insulin degradation and excretion

Kidneys represent the final “station” of the insulin journey, since they are involved 
in the last steps of degradation and excretion of the remaining circulating insulin 
that has not previously been degraded by the liver and that has exerted its peripheral 
actions. Insulin has a short plasma half-life (about 4−6 minutes), as it is expected 
from the need to respond rapidly to changes in blood glucose levels [124, 125]. Insulin 
uptake and degradation represent features of all insulin-sensitive tissues, where the 
hormone is slowly internalized by cells (such as adipocytes and myocytes) and is then 
transported to lysosomes for degradation [2]. As it has previously been mentioned, 
the liver is the primary site of insulin clearance, where approximately 50% of insulin 
is degraded in the first-pass hepatic clearance and 25% of insulin is degraded in the 
second-pass hepatic clearance. The clearance of the remaining 25% of undegraded 
insulin initially released from the pancreas occurs in the kidneys.

Insulin clearance by the kidney occurs via two main mechanisms: i) glomerular fil-
tration and ii) proximal tubular reabsorption and degradation [50, 126]. Glomerular 
clearance of insulin occurs through both nonspecific diffusion and specific receptor-
mediated transport. Thus, insulin is freely filtered across the capillaries of the glom-
erulus (given its molecular weight of 5808 Da), enters the luminal space, and reaches 
the proximal tubule. Then, more than 99% of the filtered insulin is reabsorbed by 
proximal tabular epithelial cells mainly via endocytosis (possibly mediated by scav-
enger receptors such as megalin) [127]. In contrast, less than 1% of filtered insulin 
appears in the final urine [2, 50]. After being internalized into the proximal tabular 
epithelial cells, insulin dissociates from its binding sites and proceeds to lysosomes 
for degradation. Renal insulin clearance also occurs through tubular secretory clear-
ance from post-glomerular, peritubular capillaries via receptor-mediated processes. 
In particular, IRs expressed on the contraluminal membrane of the epithelial cells 
(particularly those lining the distal convoluted tubule of the nephron) bind insulin 
(that comes via diffusion from peritubular capillaries) and transport the hormone 
intracellularly for degradation [128, 129].

Renal clearance of insulin amounts to approximately 200 mL/min, signifi-
cantly exceeding the normal glomerular filtration rate (GFR) of 120 mL/min 
because of the contribution of tubular secretion [130]. It has been proposed that 
6 to 8 units of insulin are degraded by the kidneys each day via the two abovemen-
tioned mechanisms; this amount accounts for about 25% of the daily pancreatic 
insulin production [130]. In diabetic patients treated with insulin therapy, the 
contribution of renal insulin metabolism is even higher than that of non-diabetic 
subjects or non-insulin-treated diabetic patients, as exogenous insulin enters the 
systemic circulation directly, without undergoing the first-pass metabolism in the 
liver. On the other hand, advanced chronic kidney disease (as can be observed in 
diabetic nephropathy) unavoidably alters the renal insulin clearance and prolongs 
the half-life of circulating insulin (although a certain degree of insulin resistance 
may also be present in the early stages of chronic kidney disease) [131]. This 
often leads to a substantial reduction in the daily insulin requirements of diabetic 
patients treated with exogenous insulin [131], thus highlighting the importance 
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of renal insulin clearance as a mechanism to regulate insulin’s plasma half-life and 
end the insulin action.

Besides playing a pivotal role in the clearance and degradation of circulating insulin, 
the kidneys also represent an important site of insulin action. Indeed, IRs expressed on 
the renal tubular epithelial cells act as sites sensing insulin and promoting important 
insulin functions, such as inhibition of renal gluconeogenesis, upregulation of renal 
sodium-glucose co-transporter 2 (SGLT2) protein expression, and reabsorption of 
sodium, phosphate, and glucose [129, 132]. As it has previously been mentioned, kid-
neys also contribute to gluconeogenesis, although to a lesser extent compared to the liver. 
It is now established that, under postabsorptive conditions, 80−90% of the basal rate of 
endogenous glucose production comes from the liver, with the remaining 10−20% com-
ing from the kidneys [6, 133]. Accordingly, potential factors that explain the increased 
risk of hypoglycemia observed in chronic kidney disease include reduced renal insulin 
clearance, decreased caloric intake, impaired release of the counterregulatory hormone 
epinephrine (due to autonomic neuropathy), concurrent liver failure, reduced metabo-
lism of substances and drugs that can cause a reduction in plasma glucose levels (e.g., 
alcohol, nonselective beta-blockers, disopyramide), and reduced renal gluconeogenesis 
[131, 134]. Similar to its action in the liver, insulin suppresses renal gluconeogenesis 
[135]. However, insulin-resistant states (like T2DM) can cause an impairment of insulin 
actions in the kidney, leading to increased renal gluconeogenesis [133]. Figure 2 illus-
trates the insulin journey in the human body across the “insulin highway.”

Figure 2. 
The insulin journey in the human body across the “insulin highway.” Abbreviations: CNS, central nervous system. 
The figure was conceived by Marco Infante and was partly created with images adapted from Servier Medical Art 
licensed under a creative commons attribution 3.0 Unported license (https://smart.servier.com/). Digital figure 
drawing by Enzo Luchetti.
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9. Conclusions

Insulin is the paramount anabolic hormone acting as the master regulator of glu-
cose, lipid, and protein metabolism. During fasting and fed states, insulin regulates the 
flux of nutrients such as glucose, FFAs and amino acids, between liver, skeletal muscle 
and adipose tissue to ensure a proper nutrient supply to cells and maintain normal 
glucose homeostasis. Understanding the sequential stages of the physiologic journey 
of insulin in the human body is pivotal to comprehending the clinical consequences 
of derangements of insulin secretion and action. Indeed, defects in one or more of 
such stages can be associated with the development of insulin resistance, metabolic 
syndrome, and T2DM. Moreover, a thorough knowledge of the insulin bodily journey 
can assist clinicians in therapeutic decision-making for diabetic patients on exogenous 
insulin therapy in different clinical settings. The abovementioned stages include the 
following: i) insulin synthesis and release from pancreatic beta cells; ii) insulin first-
pass metabolism and partial clearance in the liver; iii) insulin action on the vasculature 
and exit from the capillary beds; iv) insulin action in peripheral and central target 
tissues (skeletal muscle, adipose tissue, liver, and CNS); v) final insulin degradation 
in the kidney. Each of these stages is finely regulated by complex intracellular mecha-
nisms that take place in different tissues and allow for the anabolic actions of insulin. 
Yet, several cellular and molecular aspects of the insulin bodily journey are still not 
entirely clear and need to be elucidated.
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Insulin Receptor Isoforms in 
Physiology and Metabolic Disease
Noah Moruzzi and Francesca Lazzeri-Barcelo

Abstract

Insulin receptors (IRs) are ubiquitously expressed and essential for all cell types. 
Their signaling cascades are connected to key pathways involved in cell metabo-
lism, proliferation, and differentiation, amongst others. Thus, dysregulation of 
IR-mediated signaling can lead to diseases such as metabolic disorders. In mammals, 
the IR pre-mRNA is alternatively spliced to generate two receptor isoforms, IR-A and 
IR-B, which differ in 12 amino acids in the α-chain involved in ligand binding. Given 
the isoforms have different affinities for their ligands insulin, proinsulin, and insulin-
like growth factors (IGFs), it is speculated that IR amount and splicing regulation 
might contribute to a change in IR-mediated effects and/or insulin resistance. The 
aim of this chapter is to increase awareness of this subject in the research fields of 
diseases characterized by disturbances in insulin signaling. Here, we will describe the 
IR isoform distribution and discuss the current knowledge of their expression and 
ligand binding affinities as well as their signaling in physiology and during obesity 
and type 2 diabetes in humans and animal models. Moreover, we will discuss the 
necessary steps to gain a better understanding on the function and regulation of the 
IR isoforms, which could result in future therapeutic approaches against IR-related 
dysfunction.

Keywords: insulin receptor isoforms, insulin receptor, IR-A, IR-B, diabetes, obesity, 
pancreatic islets, insulin signaling, adipose tissue

1. Introduction

In invertebrates, one ancestral gene, DAF-2, encodes one receptor that binds 
insulin-like peptides [1]. With the emergence of vertebrates, three distinct receptors 
appeared, namely: the insulin receptor (IR), the type 1 insulin-like growth factor 
receptor (IGF1R), and an orphan receptor called the insulin receptor-related receptor 
(IRR). The genes encoding these receptors share similar genomic organization, with 
conserved α and β protein chains that are synthesized from one single pre-mRNA 
(reviewed in [2]). While originally all three receptors were formed by 21 exons, both 
IRR and IR acquired independently one extra exon, namely exon 11. The IRR exon 11 
can be traced back to amphibians, whereas IR exon 11 is found exclusively in mam-
mals [3, 4]. Thus, exclusively in mammals, the exon 11 of the IR gene is alternatively 
spliced to produce two protein isoforms called IR-A and IR-B. To trace the origin of 
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IR isoforms, Hernández-Sánchez et al. analyzed their transcripts in different species 
by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis [4]. In mouse 
tissues, they found tissue-specific expression of both IR-A and IR-B, while in chicken 
and frog tissues, only the IR-A isoform was detected [4]. The physiological reason for 
the evolutionary acquisition of the IR-B isoform in mammals is unclear. It seems that 
the IR-B provided the receptor with higher specificity for insulin and poor binding of 
other possible ligands of IR-A, which will be discussed later.

2. Characterization of the IR isoforms

2.1 Structure and assembly

In humans, the insulin receptor gene (INSR) maps to human chromosome 19  
(in mice, it maps to chromosome 8) and spans more than 120 kb [5]. The insulin 
receptor complementary DNA (cDNA) was cloned in 1985 by two independent 
groups [6, 7], giving two different lengths and indicating two isoforms, dependent 
on the inclusion (IR-B) or exclusion (IR-A) of exon 11. The 36 base pairs of exon 11 
(that account for the 12 amino acid difference) encode a portion of the C-terminus of 
the α-subunit in the vicinity of the ligand-binding domain (reviewed in [8]), result-
ing in isoform-specific properties of the receptors. A linear α-β amino acid sequence 
(IR pro-receptor precursor) is translated from the IR mRNA and includes a signal 
sequence at the N-terminus to enter the endoplasmic reticulum [9]. After cleavage of 
the signal peptide, the inter-α-chain disulphide dimerization occurs, forming the β-α-
α-β structure of the IR [10]. The insulin pro-receptor is further processed in the Golgi 
apparatus by the protease furin, and the mature IR is then trafficked and inserted in 
the plasma membrane [11].

The IR and IGF1R belong to the same subgroup of receptor tyrosine kinases and 
can form either homo-receptors (two IR α-β subunits) or hybrid receptors, consisting 
of one IR α-β subunit linked to one IGF1R α-β subunit. Furthermore, the two IR splice 
variants enable the formation of both homo-dimers (IR-A/IR-A) or hetero-dimers 
(IR-A/IR-B), and similarly, two modalities of hybrid receptor (IR-A/IGF1R and 
IR-B/IGF1R). Hybrid receptors have been detected in all tissues and cell lines that 
express both receptor types [12] and it is presumed that both IR-A and IR-B isoforms 
are equally capable of forming hybrids with IGF1R [13]. The factors regulating their 
assembly are unknown; however, there is evidence to suggest that the formation of 
homo-receptors and hybrid receptors is proportional to the relative concentrations of 
each receptor type [12, 14, 15].

Crystal structures of the IR were determined in 1994 [16] and 2006 [17] and 
refined in 2016 [18]. Single-particle cryo-electron microscopy has since been used to 
explore receptor conformations and ligand-receptor complexes [19–21]. It is worth 
pointing out that these studies used the IR-A isoform to reconstruct and represent 
the IR. The functional IR consists of two covalently linked IR monomers, that is, 
two extracellular α-subunits linked by disulphide bonds and two transmembrane-
spanning β-subunits. The α-subunit contains either 719 (IR-A) or 731 (IR-B) amino 
acids and has a molecular mass of approximately 130 kDa. This subunit is entirely 
extracellular and contains the ligand-binding sites. The transmembrane-spanning 
β-subunit contains 620 amino acids, has an approximate molecular mass of 95 kDa 
and is composed by extracellular, transmembrane, and cytosolic domains. The latter 
domain contains the receptor’s tyrosine kinase, which is activated by ligand-binding 
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and conformational change of the IR. Two insulin-binding sites are located in the 
extracellular α-subunit of the IRs. The primary insulin-binding site (site 1) is formed 
from elements of the L1 domain and a C-terminal peptide of the α-subunit [22–27]. 
The second insulin binding site (site 2) has lower ligand binding affinity and is formed 
from residues in the first and second type III fibronectin repeats [28]. A model for 
insulin binding to the IR has been showed, in which one single insulin molecule 
simultaneously engages site 1 of one α-chain and site 2 of the other, thus bridging the 
two IR monomers; while a second insulin molecule binds to the equivalent, symmetry-
related site 1′, creating a second bridging with site 2′. The two insulin molecules 
effectively crosslink the two IR monomers and thereby activate the IR [8, 20, 21]. As to 
the possible implications of the differences in the α-chain C-terminal domains of the 
IR isoforms, comprehending the significance of the 12 extra amino acids is hampered 
by the lack of structural data using the IR-B isoform. Thus, only secondary structure 
predictions can be made. It can be inferred that the 12-amino acid fragment of IR-B is 
most certainly the reason for the lower binding affinity of insulin-like growth factor 1 
(IGF1) and insulin-like growth factor 2 (IGF2) toward this receptor isoform in com-
parison to IR-A (as discussed in Section 2.2). Based on this, Menting et al. speculate 
that the additional residues in the IR-B α-chain C-terminus are devoid of secondary 
structure, thus making this structure longer and hindering steric accommodation of 
these ligands, with a similar situation to be expected regarding insulin binding [29]. 
Whittaker et al. used alanine-scanning mutagenesis of insulin binding site 1 of IR iso-
forms A and B transiently expressed in cells to study their insulin binding properties 
[30]. They found several mutations that compromised insulin binding, some of which 
produced differential effects between the two receptors, either reducing affinity or 
inactivating one specific isoform [30].

2.2 Ligand binding affinities of the IR isoforms

The different structures of the IR isoforms are responsible for their functional 
differences, for example, disparity in ligand affinities, internalization and recycling 
kinetics, signal transduction, and the activation of specific cellular pathways.

Insulin is the main ligand for the IR, although the receptor also binds IGF1 and 
IGF2, as well as proinsulin (hormone precursor to insulin) (Figure 1). Some groups 
set out to study the different ligand binding affinities of the IR isoforms and came 
to different conclusions. To measure isoform-specific ligand binding, the main 
technique used throughout the different studies was competition for radiolabeled 
insulin. All studies were conducted using human IR cDNA in mouse or rat cell lines 
(referred to as hIR-A and hIR-B), probably aiming to translating the findings in 
humans. Mosthaf et al. expressed hIR-A and hIR-B in Rat-1 cells and found that 
IR-A had ~2-fold higher affinity for insulin than IR-B, both in intact cells and using 
detergent solubilized, partially purified receptors [31]. In agreement, Kellerer et al. 
used partially purified receptors from Rat-1 cells and found that IR-A displayed a 
higher affinity for insulin compared to IR-B [32]. Accordingly, Yamaguchi et al. also 
reported a ~2-fold higher affinity for insulin in intact Chinese hamster ovary (CHO) 
cells expressing hIR-A, in comparison to those expressing hIR-B [33]. A second study 
by this group found a faster insulin association rate to hIR-A receptors in intact CHO 
cells, as well as an accelerated insulin dissociation from hIR-B receptors, proposing 
a biochemical basis for the differential ligand biding affinities [13]. A similar faster 
dissociation of insulin from hIR-B that could be responsible for the lower affinity of 
this receptor was shown for Rat-1 cells [34]. To note, contrarily to all studies that used 
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stimulated native receptors on intact cell membranes, a single work using solubilized 
recombinant receptors found no significant difference between the affinities of the 
two IR isoforms for insulin [30].

IR isoform affinities for IGF1 and IGF2 have also been investigated. Frasca et al. 
used R-cells, a mouse fibroblastic cell line that lack IGF1R, expressing either hIR-A 
or hIR-B [35]. They reported that IR-A, but not IR-B, binds IGF2 with high affinity 
(comparable to that of insulin). Further, IGF2 bound to IR-A with similar affinity 
to that of IGF2 to IGF1R [35]. Using the same cellular system, Sacco et al. reported 
that IR-A bound IGF2 with high affinity (4-fold lower than that for insulin), whereas 
IR-A’s affinity for IGF1 was 30-fold lower than that for insulin [36]. Proinsulin 
binding has been less studied compared to the other ligands and its ability to bind 
differentially the two IR isoforms as well as its possible signal transduction remain 
an enigma. One study in intact R-cells showed that proinsulin binds and activates 
both IR isoforms, but had a higher affinity for hIR-A than for hIR-B. Authors report 
that, similar to IGF2, proinsulin effectively stimulates cell proliferation and migra-
tion and curiously had no activity toward IGF1R or IR/IGF1R hybrid receptors 
[37]. Conversely, McClain’s work (mentioned previously) conducted in intact Rat-1 
fibroblast cells found that hIR-A and hIR-B bound proinsulin with the same relative 
affinity [34].

Few studies have addressed the ligand affinities for the different hybrid receptors 
(IR/IGF1R). Using competition for tracer-labeled insulin and an enzyme-linked 
immunosorbent assay (ELISA)-based method, Slaaby et al. found that IR-A/IGF1R 
and IR-B/IGF1R hybrid receptors respond 20 to 50 times more effectively to IGF1 
than to insulin [38, 39]. The increase in IGF1R expression and thereby its incorpora-
tion into hybrid formation with IR has prompted a potential role of hybrid receptors 

Figure 1. 
IR-A, IR-B, and IGF1R monomers, and their combinatorial possibilities of dimerization, with their possible 
ligands. The size of the different ligands represents the relative affinity for a given receptor. IGF1, insulin-like 
growth factor 1; IGF1R, type 1 insulin-like growth factor receptor; IGF2, insulin-like growth factor 2; IR, insulin 
receptor; IR-A, insulin receptor isoform A; IR-B, insulin receptor isoform B.
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in reducing cell insulin responsiveness. Studies in CHO cells suggest that hybrids 
between IGF1R and both IR isoforms have low binding affinity for insulin and high 
affinity for IGF1 and IGF2 [40]. Another study in R-cells showed that IR-B/IGF1R 
receptors had high affinity only for IGF1, whereas hybrid IR-A/IGF1R receptors also 
bound IGF2 and insulin [41].

In summary, the accumulated knowledge suggests that IR-A has higher affinity for 
insulin, IGF1 and IGF2 compared to IR-B and that hybrid receptors show a preferen-
tial affinity for IGF1 (Figure 1). This could be due to the availability/inaccessibility of 
the different binding sites in hybrid receptors. The majority of these affinity studies 
were conducted using mainly tracer-labeled ligand technique and the works on bind-
ing affinity for insulin to IR-A/IR-B are dated more than two decades ago. Molecular 
chemistry methods have advanced since then and it could be of interest to verify these 
affinity studies with improved tools comparing primary cells (with double knockout 
of IR and IGF1R) where only one IR isoform (of the same species of the cells) is 
expressed at a time. Moreover, ligand binding could potentially be altered by different 
post-translational modifications of the α-chain such as specific glycosylation patterns 
and different lipid raft composition, which could both vary between cell types and 
under different culture conditions.

2.3 Functional differences between the IR isoforms

The IR isoforms seem to display equal receptor activation and kinase activity 
triggered by the binding of insulin. McClain et al. investigated insulin-stimulated 
tyrosine kinase activity in solubilized hIR-A and hIR-B receptors by exposure to 
insulin and radioactive ATP and found similar accumulated radioactivity in the 
Tyr-phosphorylated receptors [34]. On the contrary, Kellerer et al., preparing equal 
amounts of solubilized hIR-A and hIR-B, found higher radioactivity for hIR-B 
(2.5-fold) after stimulation with insulin and phosphorus-32 [32]. However, when 
performing the same experiment on native receptors in human embryonic kidney 
(HEK) intact cell membrane transiently expressing the isoforms, they detected no 
difference in tyrosine kinase activity. Neither did they report differences when they 
used short-time trypsinization to cleave the α-subunit and activate the tyrosine kinase 
[32]. The latter data suggests that solubilized receptors were able to undergo different 
activation compared to receptors integrated in the plasma membrane of intact cells, 
and that differences in the isoform α-subunit structures were responsible for their 
different kinase activities.

Few studies on the kinetics of IR isoform-specific internalization have been 
published. Yamaguchi et al. showed that in CHO cells expressing the isoforms, hIR-A 
displayed a 25% higher rate of ligand-stimulated internalization in comparison to 
hIR-B [33]. Further, work in Rat-1 fibroblasts showed that in cells expressing hIR-A, 
the maximum internalization reached ~65% after 10 minutes, followed by a high 
recycling rate of ~80% of internalized receptors after 20 minutes. In hIR-B expressing 
cells, the maximum internalization was ~60% and was reached within 15 minutes; 
however, no recycling was detectable within 30 minutes [42]. Clearly, these few 
data in specific cell lines warrants future research to dissect the different kinetics of 
internalization between the two IR isoforms.

Upon ligand-binding the IRs transduce diverse signaling pathways, which 
culminate in cellular functions ranging from glucose, lipid and protein metabolism 
to cell differentiation, proliferation and apoptosis. Insulin binding causes autophos-
phorylation and activation of the IR, which in turn allows the binding and activation 
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of diverse downstream effectors. The availability and/or recruitment of specific 
binding partners could lead to distinct signal transductions and to the consequent 
activation of different pathways resulting in different biological endpoints/responses 
in different cell types. Up until now, only few cell types and IR isoform-specific 
signal transduction pathways have been investigated, especially in primary cells 
that express both isoforms. In the insulin-producing pancreatic β-cell, Leibiger et al. 
showed that the binding of insulin to IR-A or IR-B results in selective transcriptional 
activation of different target genes [43]. Insulin gene transcription was promoted 
through IR-A and the activation of PI3K class Ia/p70s6k-mediated signaling, while 
transcription of the glucokinase gene by signaling through IR-B PI3K class II-like 
activity and PKB [43]. In a subsequent study from the same group, Uhles et al. 
showed that isoform-specific insulin receptor signaling involves different plasma 
membrane domains [44]. By using tagged IR isoforms in a hamster β-cell line, they 
found that mutation of certain amino acids encoded by exon 11 resulted in both loss 
of signaling and shift in IR isoforms localization in the plasma membrane, suggest-
ing an isoform-specific sorting to different microdomains of the plasma membrane 
[44]. Later, they demonstrated that spatial segregation allows simultaneous and 
selective signaling via IR-B in the same cell. They showed that in the pancreatic 
β-cell, insulin activated the glucokinase gene from plasma membrane-standing IR-B, 
while c-Fos gene activation was dependent on IR-B signaling from early endo-
somes [45]. In a following work, Leibiger et al. further confirmed this hypothesis 
by showing the co-distribution of IR-B, but not IR-A, with two proteins involved 
in signal transduction, PI3K-C2α and PKBα/Akt1, in the same plasma membrane 
microdomains [46]. In the only other system that studied the possible signaling 
differences between IR isoforms in primary cells, a recent work in human podocytes 
found that the lipid raft enzyme sphingomyelin phosphodiesterase acid-like 3b 
(SMPDL3b) interfered with the ability of IR-B to bind caveolin-1, thus interrupting 
signal transduction through this isoform. This demonstrated a mechanism via which 
sphingolipids may affect IR localization at the plasma membrane and IR signaling in 
an isoform-specific manner [47].

In summary, the small 12 amino acid difference between the IR isoforms is 
responsible for the differences in their function in studied cells where both receptors 
are expressed simultaneously. Thus, it will be pivotal in future research to address 
and consider the existence and distinction of two IR isoforms when studying insulin 
signaling in specific cell types.

3. Tissue and cell type IR isoform expression

The IR isoform expression is regulated in a developmental and tissue-specific 
manner (Figure 2). In human, adult tissues associated with the known metabolic 
effects of insulin, such as the liver, adipose tissue but also kidney, IR-B is the predomi-
nant isoform [48–51]. The IR-A isoform is highly expressed in fetal tissues—where it 
enhances the effects of IGF2 during embryogenesis and fetal development [52]—and 
in several adult tissues, such as brain [53], spleen [31], ovary [54] and testis [55]. The 
up-regulation of IR-A during adult life has been associated with mitogenic effects 
and has been described in a wide variety of cancers (reviewed in [56]). Other tissues 
express both isoforms in closer proportions, such as in pancreatic islets [57] and 
skeletal muscle [49]. Of note, IR isoform tissue distribution is generally conserved 
amongst mammals, with some differences, as shown in Table 1 [31, 50, 51, 58–73].
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Because every tissue is composed of a mix of different cell types, findings regard-
ing the expression pattern of IR isoforms cannot be extrapolated without considering 
the specific cell types forming the tissue. For example, analysis of liver tissue shows 
~90% of IR-B expression, suggesting that hepatocytes may express exclusively IR-B. 
However, this tissue also contains other cell types, such endothelial cells which are 
known to express predominantly IR-A [70, 74], and Kupffer cells (the resident mac-
rophages in the liver) in which IR isoform expression has not been studied. Another 
example is the brain, where tissue analysis shows mainly IR-A expression; however, 
predominant IR-B expression has been described in human astrocytes [75]. Regarding 
other primary cells, Muller et al. applied single-cell RT-PCR to elucidate IR isoform 
distribution in human pancreatic islet cells and, notably, found no expression of IR-B 
in isolated α-cells [69]. Mouse adipose tissue resident macrophages have been found 
to express both IR-A and IR-B, while mouse lymphocytes and monocytes express 
only a low amount of IR-B. Of note, these cells were analyzed as a bulk sample after 
magnetic-column cell sorting, with the possibility of low contamination of other cell 
types that might express IR-B [70].

IR-A is predominant in progenitor and precursor cells, whereas IR-B is more abun-
dant in differentiated cells (Figure 2). Different studies reported high levels of IR-A 
in brown and white pre-adipocytes, osteoblast precursors, monocytes, neural pro-
genitors and intestinal epithelial stem cells, compared with the high IR-B levels that 

Figure 2. 
IR isoform expression in tissues and cell types. IR, insulin receptor; IR-A, insulin receptor isoform A; IR-B, insulin 
receptor isoform B.
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characterize their differentiated cell counterparts [70, 72, 76–79]. Some studies have 
reproduced this IR-A to IR-B switch favoring cell differentiation in vitro by overex-
pressing IR-B, for example in murine hemopoietic [80] and human colorectal cancer 
cell lines [79], or by treating HepG2 hepatoma cells with dexamethasone, which is 
known to maintain an adult hepatocyte phenotype [81]. These studies suggest that 
alternative splicing of the IR gene is a highly regulated process during differentiation 
and could play an important role in cell specialization.

In summary, the IR isoforms have specific tissue and cell-type distribution, and 
deviations from the wild-type IR-A/IR-B ratios may affect the fine-tuning of insulin 
signaling, disturbing metabolic and mitogenic pathways and compromising cell 
function.

4. Evidence of IR isoform roles using tissue-specific IR-knockout models

Insulin receptor knockout (IR-KO) mouse models have been developed to study 
the function of the IR, and the reconstitution of IR signaling with only one type of 
receptor (IR-A or IR-B) has been exploited to understanding the distinct roles of 
the IR isoforms. Mice with a global deletion of IR are born with normal features and 
with only slight growth retardation. However, shortly after birth, metabolic control 
rapidly deteriorates, glucose levels increase upon feeding, and insulin levels rise up to 
1000-fold above normal and the animals die of diabetic ketoacidosis within 48-72 h 
[52, 82]. This phenotype clearly indicates that the IR is necessary for postnatal glucose 
homeostasis but is not essential for prenatal growth.

Using IR-KO mice, Okamoto et al. demonstrated that lethality and diabetes in 
IR-KO mice could be rescued by reconstitution of IR-B in three organs: liver, brain, 
and pancreatic β-cells [83]. However, reconstitution of IR-B in only glucose trans-
porter type 4 (GLUT4)-expressing tissues (e.g., muscle, fat) did not rescue the phe-
notype [84]. Their data suggests that insulin signaling in liver, brain, and pancreatic 
β-cells as insulin-target tissues is sufficient to prevent diabetes. The stable expression 
of either IR-A or IR-B in IR-KO tissue has been used as a platform by Benito’s group to 
study the differential role of the IR isoforms in the liver [85]. They developed adeno-
associated viral vectors encoding IR-A or IR-B targeted to the liver and showed that 
hepatic expression of IR-A in inducible liver insulin receptor knockout (iLIRKO) mice 
could increase hepatic glucose utilization, thereby decreasing hyperglycemia and 
ameliorating the diabetic phenotype [85]. In another recent in vivo study, the same 
group explored whether overexpression of IR-A via adeno-associated viral vectors in 
the liver without ablation of the endogenous IR, could improve glucose homeostasis 
in a mouse model of high-fat diet-induced obesity [86]. Again, they observed that 
IR-A expression, but not IR-B expression, induced increased glucose uptake in the 
liver, improving insulin tolerance [86]. Of note, in both these studies a comparison of 
the expression levels of IR-A/B isoforms in the liver, achieved by the viral vectors, was 
not reported. In line with the in vivo findings, Nevado et al. generated immortalized 
neonatal hepatocyte cell lines from iLIRKO mice and reconstituted IR signaling with 
retroviruses encoding for human IR-A or IR-B [87]. The expression of IR-A, but not 
IR-B, in the iLIRKO immortalized neonatal hepatocytes restored basal glucose uptake 
to wild-type levels, indicating that IR-A works as a GLUT1/2-associated cotransporter 
to facilitate glucose uptake [87]. Consistently, Diaz-Castroverde et al. demonstrated 
that in iLIRKO immortalized neonatal hepatocytes, IR-A expression, but not IR-B 
expression, enhanced insulin signaling associated with elevated glycogen synthesis 
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and storage [88]. It is worth noting that the primary neonatal hepatocytes per se 
might have a high IR-A/IR-B expression, which was not described. Moreover, primary 
hepatocytes isolated from neonatal mice were immortalized prior to the induction 
of IR gene knockout and reconstitution with hIR-A or hIR-B. The immortalization 
process may have caused an increase in IR-A expression in “wild-type cells.” Thus, the 
restoration of IR function to “wild-type levels” mediated by IR-A could be also due 
to IR-A being the main isoform expressed in the immortalized neonatal hepatocytes 
prior to IR deletion.

To date, most of the research investigating the specific function of IR isoforms has 
been conducted in cell lines in vitro. While these experiments served for the advance-
ment in the field, there is a clear need for more in vivo data. For this, a much desired 
mouse model would be one in which a tissue-specific IR-KO is used to reintroduce 
only IR-A or IR-B, which could be studied in parallel to extrapolate the gain or loss of 
function in IR isoform-mediated signaling in specific cell types.

5. IR isoform changes during metabolic disease

A number of in vitro studies have been performed to investigate the changes in IR 
isoform mRNA expression in response to glucose or insulin treatment [64, 66, 68]. 
Although it is necessary to identify possible mechanisms leading to IR splicing, the 
utilization of tumor-derived cells and supra-pathological amount of insulin or glucose, 
make it difficult to interpret these findings and reproduce them in primary cells. 
Moreover, the cancer cell lines used in different laboratories might have specific phe-
notypes regulating gene transcription machinery and the ability to modulate splicing 
factors in response to specific stimuli. For this reason, we have limited our discussion 
below to primary cells or tissues derived from humans and animal models.

In primary mammal tissues, with the tools at hand, changes in IR splicing have 
been studied at the transcriptional level during metabolic disease such as obesity 
and type 2 diabetes mellitus (T2DM), extrapolating changes to the protein level and 
thus signaling. During diabetes and obesity, several interesting studies addressed 
the possibility of splicing alteration of IR in human tissues such as muscle, liver and 
adipose tissue, which are accessible for sampling. Moreover, these tissues are primar-
ily involved in insulin resistance and T2DM development, being the site of glucose 
handling and insulin clearance (liver), energy storage (adipose tissue) and the main 
site of postprandial glucose uptake (muscle).

5.1 Human evidence

In muscle, Norgren et al. found a poor correlation between IR-A mRNA and 
insulin-stimulated glucose utilization as well as an increase of IR-B in muscle tissue 
obtained from vastus lateralis muscle of non-insulin-dependent diabetic subjects [67]. 
This study was in agreement with a contemporary study conducted by Mosthaf et al., 
in which authors found higher IR-B expression in vastus lateralis muscle of subjects 
with insulin resistance, as compared to subjects with normal insulin sensitivity [89]. 
Accordingly, in a previous publication, the same authors detected predominant 
expression of IR-A in gastrocnemius of healthy subjects and both isoforms in T2DM 
[48]. Using a polyclonal antibody, which can differently displace radiolabeled insulin 
from the two IR isoforms but could not be of use for Western blot analysis (and is not 
commercially available), the same group corroborated their findings at the protein 
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level and in absence of muscle fiber changes. In this work, the authors calculated an 
IR-A/IR-B ratio of 7:3 for control subjects and the opposite for diabetic subjects [90]. 
However, in another study, Benecke et al. did not find any difference in rectus abdomi-
nis muscle between healthy subjects compared to non-insulin-dependent T2DM 
patients [91]. The consensus in these studies seems to be an increase of IR-B in muscle 
during T2DM and T2DM development. The differences between the results can be 
due to the type of muscle biopsied and to the stage of T2DM. In fact, it is still unclear 
if different muscle fibers express different amounts of IR isoforms, which might mir-
ror their different metabolism and glucose utilization. Thus, further work is needed 
to dissect these changes in muscle and the underlying mechanism using alternative 
methods to visualize the IR ratio in situ.

Contrary to muscle tissue, one study in liver suggested that hyperinsulinemia can 
regulate the tissue ratio of IR mRNA favoring the IR-A isoform [63]. In this work, 
the authors measured IR isoform mRNA levels in liver samples from individuals with 
or without T2DM before gastric bypass surgery and after 1.5 years follow-up. They 
found that IR-A expression was higher in T2DM patients prior to surgery and that the 
abnormal liver IR-A/IR-B ratio normalized post-surgery in patients with remission of 
diabetes, following a decrease in IR-A expression [63]. Despite a limited sample size, a 
similar trend was shown in a previous study by Moller et al. [49].

In subcutaneous adipose tissue (SAT), Kaminska et al. found an increased IR-A 
expression in insulin-resistant, obese and T2DM subjects (compared to controls), 
which was reversed by weight loss [65]. Moreover, they found a correlation between 
high fasting insulin and IR-A, linking these alterations to possible changes in splic-
ing factors, which would in turn regulate IR isoform expression. However, using a 
polyclonal antibody which can differently displace radiolabeled insulin from the two 
IR isoforms (used for studies in muscle as mentioned above [90]), a previous study 
in human isolated adipocytes showed an increase in IR-B expression in adipocytes of 
non-insulin-dependent T2DM patients [92]. Notably, this small cohort of patients 
had similar body mass index (BMI) values and insulin levels and were on different 
antidiabetic medications or under dietary intervention [92].

5.2 Evidence in animal models of obesity and T2DM

In mouse as well as in other mammals, several studies have addressed the amount 
of IR isoform transcripts in different organs in healthy animals (see Section 3). 
Surprisingly, studies of the changes in IR isoform mRNA during metabolic disease, 
aimed to find common patterns and possible mechanisms, are scarce. The IR mRNA 
splicing variants were analyzed by RNA template-specific PCR (RS-PCR) in several 
tissues of a small group of diabetic rhesus monkeys [71]. Here, the authors showed 
that hyperinsulinemic monkeys had significantly higher expression of IR-A in vastus 
lateralis and rectus abdominis muscles compared to normoinsulinemic monkeys [71]. 
However, the authors did not dig into the possible mechanisms. We recently con-
ducted a study to understand the possible splicing changes in a broad range of tissues 
in genetic and diet-induced mouse models of obesity and T2DM [70]. Comparing the 
findings to the abovementioned human studies, we found similar changes in adipose 
tissue, an increase in IR-A versus IR-B in all obese and diabetic mouse models, while 
in soleus and gastrocnemius muscles we found an increase in IR-B in the genetic models 
of obesity and T2DM only. Using a new method to visualize the IR mRNA isoforms 
in situ and combining it with tissue fractionation, we linked the increase of IR-A in 
perigonadal adipose tissue to changes in tissue architecture, rather than to a change 
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of splice isoform in a particular cell type (i.e., adipocytes). In fact, as previously 
addressed, the IR isoform pattern seems to be cell-type dependent and an infiltration 
of immune cells (expressing mainly IR-A) in adipose tissue was the reason for these 
changes. The modification of tissue architecture, rather than a change of splicing at 
the single cell level, can also be the reason for the changes in IR isoform ratio seen in 
other tissues during disease. This hypothesis is further supported by a study by Vidal 
et al., where inducing diabetes in rats with streptozotocin showed no changes in IR 
mRNA ratio in liver, heart or muscle [73]. However, we have to take in consideration 
that rat muscle had only 1% of IR-B, the animal sample size was limited and adipose 
tissue was not investigated. Also, in line with this hypothesis, 48 hours of fasting 
in rats—which causes a significant decrease of plasma insulin—did not alter the IR 
isoform mRNA ratios in liver, heart, muscle and adipose tissue [73].

5.3 Myotonic dystrophy as a model of IR isoform shift

In relation to metabolic diseases, it is worth mentioning that complications of 
myotonic dystrophy—an autosomal genetic disease characterized by muscle loss and 
weakness caused by the expansion of nucleotides repeat in 3′ untranslated region of 
different mRNAs—has been found to alter the IR pre-mRNA splicing [93, 94]. One of 
the mechanisms involves the function of the CUG-BP splicing factor (acting on CUG 
repeats), which together with MBNL1 and other splicing factors has been shown to be 
pivotal for IR gene regulation [95]. In both myotonic dystrophy types 1 and 2 (DM1 
and DM2), insulin resistance and decreased muscle insulin sensitivity are common. 
This correlates with an isoform switch from IR-B to IR-A in muscle, without changes 
in the total IR protein levels, and can be considered the closest model of IR splicing 
changes in a specific cell type in vivo. In this context, the diabetes medication metfor-
min has been shown to affect the alternative splicing in DM1 patient-derived myoblast 
as well as in peripheral blood lymphocytes in T2DM patients, leading to the increase 
of IR-B expression. The increase of IR-B expression was not shared by another 
glucose-lowering agent, the dipeptidyl peptidase-4 (DPP-4) inhibitor sitagliptin [96]. 
A follow-up of this effect of metformin during T2DM treatment in other primary 
cells and tissue, which express both IR isoform receptors, would be of importance to 
understand if this could be a further mechanism explaining the effect of this drug in 
lowering blood glucose levels.

5.4 Summing up the evidence and the possible mechanisms

In summary, in metabolic diseases such as T2DM or obesity, limited work has been 
conducted in humans and animal models to uncover IR isoform changes and underly-
ing mechanisms during disease. It seems that long-term metabolic alterations such as 
the ones occurring during T2DM and obesity alter the IR isoform mRNA ratio in some 
of the studied tissues. It seems that IR-A/IR-B ratio decreases in muscle and increases 
in liver and adipose tissue during hyperinsulinemic and T2DM states in humans  
[48, 63, 67, 89, 90, 92]. It is current consensus in the field that a higher expression of 
IR-A (considered to drive more mitogenic signals rather than metabolic ones) would 
enable this isoform to compete with IR-B for insulin, thus reducing the action of IR-B 
in maintaining glucose homeostasis, leading to insulin resistance. This seems to be the 
case during diabetes mellitus, although there could be other possible metabolic altera-
tions due to changes in alternative splicing of other genes. Alternatively, a change in 
IR isoforms ratio could be interpreted as a result of changes in tissue architecture and 
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the increase/decrease of certain cell types expressing one or the other isoforms. In 
fact, besides one exception, the mentioned investigations were conducted measur-
ing IR isoform mRNA in the whole muscle, liver and adipose tissue. Architecturally, 
all tissues are composed of different cell types, as well as different subpopulations 
(heterogeneity) within a specific cell type. For example, in liver and fat, zonation has 
been described, in which differences in transcriptomics shows that even cells of the 
same kind display different phenotypes and potentially even specific IR isoform ratios 
[97, 98]. Thus, without experiments focusing on dissecting the mechanism behind a 
change in IR isoforms at single-cell resolution, it will be difficult to draw conclusion 
on the mechanism behind this phenomenon during metabolic disease. Future efforts 
are therefore required to tackle this issue more in depth to provide a common denomi-
nator for the IR changes at cell resolution, possibly taking advantage of a cell type that 
expresses both IR isoforms, in order to detect if changes in splicing occur.

6. Challenges and perspectives

Since the discovery of the alternative splicing of the IR in 1989 by Seino et al. [50], 
many studies have focused on understanding the tissue expression patterns, binding 
affinity, crystal structures, differential signaling and alternative routes of internal-
ization and recycling of the IR isoforms. However, what we currently know about 
the IR isoforms is only a fraction of what we have not discovered yet. The reason for 
the two isoforms conferring an evolutionary advantage in mammals, and why other 
vertebrates, such as birds and fish, exist with just IR-A as well as the reasons behind 
the complex interactions and redundancy of insulin and IGFs systems are extremely 
interesting and important questions. Uncovering these aspects together with under-
standing why IR-A is expressed during development, in stem and cancer cells, and 
why progenitor cells express mainly IR-A switching their expression to IR-B upon 
differentiation and specialization, would help decipher the complex regulation of 
IR-mediated signaling upon their ligand binding. Here below, we present key points, 
which should be addressed in the near future, along with the tools needed in order to 
achieve these goals.

6.1 Shift in focus to “single cell” research

Amongst the pioneers of the IR isoform research area, Seino and Mosthaf in 
the ‘90s pinpointed the importance of determining IR isoforms splicing and their 
signaling at single cell level [31, 50, 99]. Until now, almost all works investigating the 
change in IR splice isoforms were performed using whole tissues. Thus, a key question 
is where/if the IR isoforms are present at the single-cell level in vivo in heath and dis-
ease and the possible mechanisms behind changes in their ratio. For example, in the 
liver, little is known about the specific expression of IR isoforms in non-parenchymal 
liver cells, which constitute around 20% of total cells [100]. Similar considerations 
apply to the brain, on which contradictory studies have been published. Garwood  
et al. found predominantly IR-B mRNA in cultured astrocytes isolated from human 
and in primary astrocytes commercially available [75]. However, this finding is dif-
ficult to reconcile with the fact that the brain tissue as a whole expresses almost only 
IR-A. Considering that astrocytes outnumber neurons and that the latter probably 
express exclusively IR-A, the expected outcome in the whole tissue following this 
work would be a similar expression of both isoforms. Another possible explanation 
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would be that an IR isoform switch occurs after isolation and culture of astrocytes, or 
that a much lower IR mRNA is expressed in these cells compared to neurons and oth-
ers cells expressing IR-A, such as endothelial cells. In contradiction, Heni et al. using 
another available source of human astrocytes in vitro found that the majority of IR 
mRNA in astrocytes was IR-A [101]. One single work in human brain was performed 
using RT-PCR/FISH to detect IR isoforms in situ, which in our view, lacked validation 
for the two IR isoforms. Nevertheless, the authors found the majority of IR mRNA as 
IR-B in microglia cells, and mainly IR-A in neurons, with the occasional finding of 
IR-B [102].

6.2 IR isoform-mediated signaling

It is common, especially in the research field of metabolic disease to talk about 
“classical or canonical” and “non-classical or non-canonical” insulin target tissues. 
The first have most commonly been liver, muscle and fat, while recently also pancre-
atic islets and brain have been considered. However, all cells in the body express IRs 
and therefore this distinction might be obsolete. The type and amount of the ligands 
that can bind the IR and the downstream signaling proteins involved in IR-mediated 
signaling (i.e., IRSs, PI3Ks, MAPKs, AKTs, etc.) are expressed in different amounts in 
different cell types within a tissue and this heterogeneity increases the combinatorial 
possibility of signaling downstream of the receptor (reviewed in [103]).

The current consensus is that an increase of IR-A, with its higher affinity for insulin 
and IGF2, might induce a strong proliferative signal and decrease the metabolic effect 
of insulin (reviewed in [56, 104]). There is strong evidence that IR-A is increased in 
cancer, where it exerts a proliferative and survival advantage. However, the fact that 
IR-A transduces a mitogenic signal in non-cancer and non-stem cells, where both 
isoforms are present, seems not always to be the case. In pancreatic β-cell, where both 
IR isoforms are present, the IR-A induces a downstream activation of insulin gene 
transcription and does not confer proliferative effects [43]. Of note, the pancreatic 
β-cell is the only primary non-cancer cell, together with kidney podocytes, from which 
there is evidence of IR isoform-specific signal transduction, and for which down-
stream pathways have been partially uncovered [43, 46, 47, 105, 106]. Moreover, cells 
with high prevalence of IR-A such as neurons are clearly not proliferative, showing 
that alteration of ligands and downstream signaling might be the key factors for the 
proliferative effect through IR-A.

In cells that express both IR homo-receptors simultaneously, one hypothesis 
would be that the two isoforms regulate different signaling pathways in the same 
cell as shown for pancreatic β-cells, due to spatial segregation at the membrane and 
different downstream binding partners. This could explain the selective insulin 
resistance (as shown for podocytes [47]) seen in liver or adipose tissue, where only 
some downstream signals of the insulin signaling pathway are blunted during disease 
[107, 108]. However, the selective insulin resistance in liver or fat linked to the IR iso-
forms still depends on the possibility that hepatocytes and adipocytes express IR-A. 
Moreover, if we hypothesize that of the total IR in hepatocytes or adipocytes only 
10% is IR-A, then IR-A homo-receptors should be absent and IR-A would be found 
forming hetero-receptors with IR-B, unless some mechanism of segregation is present 
to preserve homo-dimer assembly.

An understudied variable that could potentially alter insulin signaling during 
metabolic disease is the binding of proinsulin to IR-A and its possible downstream 
effect. In fact, it is still not clear if this binding results in a signal transduction, or if 
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the IR acts as a “sponge” for proinsulin resulting in a decrease in insulin binding. This 
aspect could play an important role during T2DM development, where the proinsu-
lin/insulin ratio is increased in plasma [37].

In summary, much work needs to be done to understand basic questions regard-
ing the IR isoform expression and signaling in specific cell types and during disease. 
However, essential tools to discriminate between the two IR isoforms are lacking and 
critical to address these important issues and provide breakthroughs in the field.

6.3 The need for new tools

Up until now, measuring IR isoform mRNA has been useful to investigate the iso-
forms at tissue level, and more recently at cellular resolution in situ. However, IR mRNA 
expression might not be linked to actual protein levels in cells and tissue [70]. One 
intriguing future possibility to identify the existence of IR isoforms in single cells would 
be to utilize single-cell RNA sequencing (RNA-Seq). However, given the low levels of 
IR mRNA expression and that only a few base-pairs distinguish the two isoforms, this 
method is still technically challenging but probably possible in the near future [109].

Pivotal to understanding the dynamics and the regulation of the equilibrium of 
the IR isoforms (and therefore signaling) in health and disease is to develop tools with 
the possibility to visualize the amount and localization of the mature isoform recep-
tors. Up to now, attempts to develop an isoform-specific antibody for Western blotting 
or immunostaining have failed, probably due to the small difference between the 
two denatured proteins and to the fact that the 12 differential amino acids reside in 
a poorly accessible area of the receptor. Means to visualize the IR isoform in live cells 
would allow studying the binding of ligands to the IR isoforms at the cell membrane. 
Additionally, other small molecules such as aptamers, nucleotides oligomers that 
could differentially bind to the IR isoforms could conjugate with fluorescent dyes and 
allow the visualization of endogenous IR receptor monomers or dimers in living cells. 
Such visualization would allow to track the receptors in situ and understand more 
about their intracellular dynamics during health and disease. That aptamers can block 
IR-mediated signaling in an isoform-specific manner in vitro has been demonstrated 
[106] and shows the potential use of these molecules for IR isoform detection.

Alternatively, the results of overexpression studies can be useful in understanding 
the possible segregation of the IRs due to different lipid membrane requirements, 
and possibly signaling [110]. However, a spill over of signaling and changes in IR 
distribution could take place due to overexpression and the results would need to be 
confirmed based on the endogenous receptor.

6.4 Therapeutic potential

Let us imagine having the available methods to visualize and measure the IR at 
the protein level as well as the cellular distribution of IR-A/IR-B monomers, dimers 
and hybrids receptors. With these tools it would be possible to study which signals are 
transduced by the IR isoforms in a determined cell type and in response to insulin, 
proinsulin, IGF1 and IGF2. In this scenario, new discoveries could be used to develop 
targeted treatments for metabolic diseases. For example, we could screen for selec-
tive activators and inhibitors of the different IR isoforms by measuring downstream 
activation of selective pathways in specific healthy or diseased cells.

We have discussed the necessity of being able to understand the specific signaling 
cascades initiated by the different receptors upon ligand binding. The two IR isoforms 
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could be considered as targets to selectively increase or decrease signaling pathways 
driven by one of the two receptors in specific cell types. Focusing on diabetes, and 
provided that signaling pathways downstream of IR-B are the ones modulating 
glucose metabolism, the generation of selective IR-B activators could be beneficial in 
comparison to the current insulin sensitizers or insulin analogues, which do not target 
either isoform specifically. On the contrary, selectively targeting IR-A, using specific 
antibodies or other therapeutic molecules, could be directed to treat tumor prolifera-
tion by blunting its mitogenic signaling pathways and thus hamper cell growth and 
survival. Newly developed insulin analogues that preferentially bind one or the other 
IR isoform [111] could be pivotal for improving insulin therapy, but to define this 
feature we would need to have tools to measure selective downstream signaling in 
specific cells and tissues to understand the potency and effect of such molecules. Not 
only peptides could be used to modulate the IR isoform activity in a selective manner, 
but other small molecules such as aptamers could also prove useful. One promising 
publication showed that these molecules can be IR isoform-specific and can facilitate 
or block the signaling selectively, working as allosteric regulators [112].

Another intriguing therapeutic possibility to modulate IR splice isoforms would 
be to use a selective splice switcher, which has recently been tested (reviewed in 
[113]). This would also be a better strategy to study the IR isoforms in vitro, since the 
overexpression of specific isoforms might produce a spill over of signaling cascades, 
as explained above.

7. Conclusions

In this chapter, we aimed to summarize the state of the art research involving the IR 
isoforms, especially in the area of metabolic disease. We also wanted to draw attention 
to how important it is to understand the full implications of having two IR isoforms. 
The majority of the research focused on insulin signaling refers to the IR as one receptor, 
without considering that there are two structurally and functionally distinct isoforms 
in play. In our view, future research in this field would benefit from a focus on cell 
type-specific IR isoform signal transduction pathways, what differences there may be 
between cells of the same type but different localization in a tissue, and finally, what 
changes occur during disease. The development of the tools needed to address these 
questions would pave the way for important breakthroughs in comprehending the ubiq-
uitous, but diverse, IR signaling. Finally, these tools will be essential for the development 
and testing of new therapeutic strategies to counteract diseases affected by IR signaling 
dysfunction.
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Chapter 3

Molecular Mechanisms Involved in 
Insulin Resistance: Recent Updates 
and Future Challenges
Atamjit Singh, Nikhita Ghai and Preet Mohinder Singh Bedi

Abstract

Insulin resistance (IR) is a condition in which insulin-mediated regulation of  
glucose metabolism in body tissues (primarily liver, adipose tissue and skeletal 
muscle) becomes disrupted. IR is a characteristic marker of type 2 diabetes and car-
diovascular diseases. IR is generally associated with metabolic abnormalities, includ-
ing hyperinsulinemia, impaired glucose homeostasis, hyperlipidemia and obesity. IR 
can arise from pathological, genetic and environmental factors or from a combination 
of these factors. Studies conducted in recent decades showcase the important role of 
adipose tissue in the development of IR via release of lipids and different circulating 
factors. These extracellular factors influence the intracellular levels of intermediates 
including ceramide and various lipids that influence the cell responsiveness to insulin. 
These intermediates are suggested to promote IR via inhibition of one or more com-
ponents of insulin signaling pathway (e.g., insulin receptor, insulin receptor substrate 
proteins). This chapter will shed light on various molecular mechanisms and factors 
contributing to IR, which will help the researchers to design potential therapeutic 
strategies and interventions for efficiently managing IR and its related disorders.

Keywords: insulin, insulin receptor, insulin resistance, glucose uptake, glucose 
metabolism

1. Introduction

Following a meal, pancreatic β-cells produce insulin in response to increasing 
blood glucose and other metabolite levels for regulating systemic glucose homeostasis. 
Tissue insulin sensitivity, which characterizes the ability of a given concentration of 
insulin to correct blood glucose levels, is the driving force behind this homeostasis. 
Multiple processes in several organs are involved in this typically well-regulated 
homeostatic mechanism, including decreased glucose output from the liver (hepatic 
glucose output), increased glucose uptake into skeletal muscle and adipose tissue 
(where glucose is stored as glycogen), suppression of free fatty acid (FFA) release 
from adipocytes (suppression of lipolysis), and increased lipid accumulation in the 
liver and adipocytes. A sophisticated insulin-dependent signal transduction cascade 
controls these metabolic processes. Insulin resistance (IR) is defined as decreased 
insulin-stimulated glucose uptake into muscle and adipocytes and faulty insulin 
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regulation of hepatic glucose production in patients with type 2 diabetes (T2D) and in 
many subjects affected by other conditions characterized by insulin resistance, such 
as obesity and polycystic ovary syndrome. The term insulin resistance was first coined 
to explain the considerable variability in the insulin dose necessary to lower high 
glucose levels in people with T2D, and then to characterize the magnitude of change 
in blood glucose level when a given amount of insulin and glucose was administered. 
The “defined quantity of insulin” is crucial because people with insulin resistance 
often have hyperinsulinemia, a condition in which insulin levels in the blood are 
higher than normal relative to the amount of blood glucose concentration under both 
fasting and fed conditions; this hyperinsulinemia compensates for IR in peripheral 
tissues to bring blood glucose levels back to normal [1].

When pancreas fails to supply excess insulin in humans with insulin resistance, 
a major defect in whole-body glucose homeostasis occurs, resulting in hypergly-
cemia and glucose intolerance (the latter including impaired fasting glucose and 
impaired glucose tolerance), which are the defining features of T2D. It is worth 
noting that, somewhat counterintuitively, patients with T2D frequently maintain 
“relative hyperinsulinemia” until the condition is at an advanced stage. IR is defined 
by insulin’s inability to induce glucose uptake into muscle and adipose cells due 
to a failure of the glucose transport mechanism mediated, at the molecular level, 
by glucose transporter type 4 (GLUT4) in those tissues. Furthermore, one of the 
hallmarks of IR is the inability to decrease hepatic glucose production, which is 
mostly due to a persistent increase in hepatic gluconeogenesis. IR has been linked to 
a variety of diseases. Indeed, IR represents a risk factor for various conditions, such 
as metabolic disorders (including T2D and obesity), heart disease, liver diseases 
(e.g., non-alcoholic fatty liver disease and non-alcoholic steatohepatitis), cancer, 
neurodegenerative diseases and frailty [2–4]. Despite the fact that IR is inextricably 
linked to T2D, an important factor involved in T2D pathophysiology is represented 
by the pancreas’ incapacity to function properly to compensate for the significant 
rise in blood glucose levels by secreting enough insulin to meet the increasing 
demand and help get blood glucose levels back to normal. IR is a key risk factor for 
T2D, yet it is not commonly recognized or treated in people without diabetes. The 
main reason for this phenomenon is that many people with insulin resistance do not 
have abnormal blood glucose levels. Therefore, diagnosis of IR is based on measur-
ing insulin levels, which is not commonly done in clinical practice. Furthermore, 
only a small fraction of subjects with IR develop T2D, which is likely due to a 
propensity to β-cell failure in these subjects. There are no procedures to identify 
this susceptible subpopulation at this time. Individuals with IR are predisposed to 
significant disorders linked to T2D, including retinopathy, neuropathy and kidney 
disease, even if they do not have T2D [5]. In this chapter, the association between 
the early possible causes of IR is first discussed. Obesity is common in people with 
IR, but it is unclear whether concomitant hyperinsulinemia contributes to obesity 
development or whether it is a consequence of obesity-associated IR. We then look 
at how different metabolic tissues, such as muscle, adipose tissue, and the liver, 
communicate with one another. The mechanisms of impaired insulin signaling and 
the role of abnormal GLUT4 trafficking in the development of IR are also discussed. 
Extracellular factors that may contribute to IR are postulated. This discussion is 
then followed by a discussion of various intracellular molecular factors that con-
tribute to IR. These factors have been considered as involved in processes that lead 
to IR. There are several ways for determining insulin action. Many laboratories have 
lately resorted to employing surrogate markers of insulin sensitivity and IR [6]. 
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The “traditional” definition of IR is a condition in which blood glucose levels are 
abnormally high and insulin concentration needed to maintain glucose homeostasis 
is greater than predicted [7, 8].

2. Pathway to insulin resistance

Despite years of research, there is still a lot of uncertainty about the causative and 
temporal link between obesity, hyperinsulinemia, and IR. The proximal and distal 
parts of the insulin signaling system, which governs metabolism, can be arbitrarily 
partitioned. The classical components—which comprise the insulin receptor, insulin 
receptor substrate (IRS) proteins, phosphoinositide 3-kinase (PI3K) and AKT-
constitute the proximal segment of the insulin signaling system. A common trait of 
the proximal components is their sparseness, which means that just a little part of 
each element is necessary to elicit a physiological signal. This guarantees signal ampli-
fication across the network. The proximal portion is also susceptible to very complex 
feedforward and feedback control, and is incorporated into a broader network that is 
dynamically regulated by combinatorial signaling inputs. The AKT substrates that are 
intimately related to the many physiological activities of insulin and are typically spe-
cialized to a particular cell type are referred to as the “distal segment” of the insulin 
signaling pathway. The distal elements are generally phosphorylated, which is a com-
mon trait. Insulin signaling begins with the hormone binding to its surface receptor, 
followed by activation of the receptor tyrosine kinase and tyrosine phosphorylation. 
IRS proteins are phosphorylated, causing them to create a signaling complex, which 
contains proteins with Src homology domains such as PI3K. As a result, phospha-
tidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3 or PIP3] is produced. Serine/
threonine (Ser/Thr) protein kinases like PDK1 and AKT, for example, are recruited 
to the inner leaflet of the plasma membrane. AKT is phosphorylated by PDK1 at one 
of its phosphorylation sites. Partially phosphorylated AKT activates mTORC2, while 
phosphorylation of AKT specifically at Ser473 results in complete AKT activation. 
Thus, AKT is a critical node in the insulin signaling pathway. AKT performs a variety 
of biological roles and is involved in the majority, if not all, of physiological metabolic 
processes. The Rab GTPase-Activating Protein (GAP) is an AKT substrate, which 
activates TBC1D4 (TBC1 Domain Family Member 4), a protein that regulates GLUT4 
trafficking within the plasma membrane. The activation of glucose transport by insu-
lin is the key mechanism that is disrupted in insulin-resistant muscle and fat cells. The 
GLUT4 is a facilitative glucose transporter, which is found in skeletal muscle, heart, 
adipocytes, and insulin-responsive neurons; it regulates muscle/fat glucose transfer. 
Unlike other transporters (like GLUT1), GLUT4 has a set of specific trafficking cues 
that let it migrate from endosomes and the trans-Golgi network (TGN) to a special 
intracellular population of vesicles known as “GLUT4 storage vesicles” (GSVs) [9–11]. 
GSVs act as a distinct controlled exocytic compartment that distributes GLUT4 to the 
cell surface in response to insulin and serves as a storage depot assuring low rates of 
glucose absorption in the fasting state. Although exercise increases GLUT4 transloca-
tion in muscle cells, it does so through a different mechanism than that regulated by 
insulin. AKT plays a critical role in the insulin-regulated GLUT4 translocation  
[12, 13]. These characteristics typically coexist, and there is strong evidence that each 
can cause the other two branches of the triad to emerge: obesity, hyperinsulinemia, 
and IR are caused by overnutrition in humans and animals; in humans, IR and obesity 
may also be caused by continuous insulin administration or by genetic factors; in 



Evolving Concepts in Insulin Resistance

58

addition, IR in humans may be caused by pharmacological interventions resulting in 
hyperinsulinemia [14, 15].

3. The trio-axis of obesity-hyperinsulinemia-insulin resistance

Obesity and IR are two topics that come up frequently. The long period during 
which obesity, IR and hyperinsulinemia develop, makes the determination of caus-
ative links between these conditions (which usually coexist in most persons with T2D 
at the time of diagnosis) particularly difficult. Obesity is common in people with IR, 
although it is unclear whether simultaneous hyperinsulinemia plays a role in obesity 
development or it is predominantly a result of obesity-dependent IR [16]. The study 
of first-degree relatives of people with T2D who only show some of these traits has 
shown to be one of the most effective strategies for addressing some unanswered 
questions in humans. As a result, a trait seen in relatives is more likely to appear early 
in the course of the disease. It has been found that these subjects can have consider-
able IR in skeletal muscle and liver (and possibly fat), along with modest hyperinsu-
linemia, even if they are not obese or glucose-intolerant [15, 17, 18]. Individuals who 
are lean and glucose-tolerant but exhibit IR have been identified in larger cross-
sectional studies [19]. In these instances, obesity is unlikely to be the primary cause 
of tissue IR. However, the term “obesity” is defined differently depending on race and 
genetic background, and it should therefore used with caution. Body mass index may 
be more important in determining the risk of IR. Body weight, in general, and visceral 
fat (but not subcutaneous fat), in particular, should be considered for evaluation [20].

First-degree relatives of people with T2D had greater levels of circulating FFAs 
and intramuscular lipids than healthy control subjects [21], suggesting that intra-
myocellular lipid content represents an early abnormality in the pathogenesis of 
insulin resistance and that it may contribute to the impaired glucose uptake in skeletal 
muscle of insulin-resistant subjects to a greater extent than overall adiposity. This 
is in line with severe IR observed in patients with lipodystrophy syndromes, which 
are a heterogeneous group of diseases characterized by selective absence of adipose 
tissue, loss of functional adipocytes, ectopic steatosis, and severe dyslipidemia and 
IR [22, 23]. On the other hand, individuals with moderate or severe obesity can be 
“metabolically healthy” [24]. While it appears acceptable, based on this research, to 
conclude that obesity is not a risk factor essential for the development of IR, it is vital 
to highlight that the majority of subjects with IR are obese. As we will discuss later 
in the text, the amount and location of adiposity required to create IR varies greatly 
between subjects.

4. Insulin resistance and hyperinsulinemia

Defining the temporal link between hyperinsulinemia and IR is difficult since, as 
far as we know, IR does not exist in the absence of hyperinsulinemia in humans, and 
vice versa. Hyperinsulinemia can produce obesity and IR in humans, as evidenced 
by trials in which insulin is administered to induce hyperinsulinemia in otherwise 
healthy individuals or as it occurs naturally in people with insulinomas [25, 26]. 
Transgenic expression of multiple copies of the normal insulin gene causes hyperin-
sulinemia in mice, resulting in IR and glucose intolerance [27]. Inhibition of insulin 
secretion has also been shown to improve insulin sensitivity and to decrease body 
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weight in rodents [28–30]. In mice, deletion of one copy of the insulin gene resulted in 
a reduction of the Western diet-induced hyperinsulinemia and in an improvement of 
insulin sensitivity [31]. Overall, the hypotheses that hyperinsulinemia causes IR and 
promotes obesity, or that IR associated with obesity causes hyperinsulinemia, both 
remain acceptable for the initial events involved in T2D pathophysiology. In actual-
ity, IR and hyperinsulinemia coexist and lead to T2D in almost all cases [32]. Several 
data suggest a concept in which hyperinsulinemia is responsible for, or at least partly 
contributes to, many of the negative effects of IR; this implies that IR is a state in 
which many of the insulin actions are preserved, a condition known as “selective IR” 
[33–35]. This was first observed in the liver, where increased insulin levels are unable 
to decrease hepatic glucose output in people with T2D, although lipogenesis  
(a canonical insulin action in the liver) remains elevated [36, 37]. One explanation for 
this selectivity is that insulin signaling pathway in the liver splits into two arms, with 
IR affecting only the arm regulating hepatic gluconeogenesis but not the arm regulat-
ing lipid metabolism. Hepatic de novo lipogenesis is essentially a cell-autonomous 
phenomenon, whereas cell-nonautonomous suppression of hepatic glucose produc-
tion by insulin depends upon the insulin-mediated decrease of adipocyte lipolysis 
and circulating FFAs [38]. There has also been evidence of selective IR in muscle and 
adipose tissue. Those insulin-regulated activities which are not affected by IR—such 
as lipogenesis, protein synthesis, or transcriptional control mediated by FOXO pro-
teins—are hyperactivated in the context of hyperinsulinemia and are likely to worsen 
IR or its consequences [33, 34, 39, 40].

5.  Heterogeneity in the development of insulin resistance and progression 
of metabolic disease and T2D

T2D patients are divided into different phenotypic clusters based on their symp-
toms and clinical features. Individuals in one of these groups share phenotypic traits. 
As a result, performing a comprehensive analysis of these groups will be of great 
importance in clinical settings. Phenotype data analysis and combination of pheno-
type data with genetic data are essential to gain a better understanding of the variabil-
ity in the development and presentation of IR in humans [10, 11, 41].

6. Tissue-specific progression to insulin resistance

The appearance of IR occurs in various tissues in a specific order. The develop-
ment of IR in several tissues—including skeletal muscle, liver, and adipose tissue—is 
a hallmark of fully developed T2D in humans [18, 19, 39, 40, 42]. Evidence shows a 
hierarchical progression of IR in skeletal muscle, liver and adipose tissue, whereby 
IR develops in one tissue and then spreads to other tissues via systemic circulating 
components. For example, IR in the liver and adipose tissue appears to occur prior 
to IR in muscle in C57Bl/6 mice fed a high-fat diet [43–46]. An equivalent pattern in 
humans is unlikely, since first-degree relatives of persons with T2D who are in the 
early stages of the disease already have IR in both muscle and liver (and possibly fat) 
[47]. Since insulin sensitivity in humans is often measured as whole-body glucose 
consumption (to which adipose tissue contributes only to a small extent), the tem-
poral development of IR in adipose tissue in humans is less obvious. Interestingly, 
multiple investigations show that insulin modulates hepatic glucose production via 
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reducing adipocyte lipolysis in a non-cell-autonomous manner [45]. Given these 
findings, it is reasonable to believe that adipose tissue IR is a precursor to metabolic 
disease and T2D. However, there is a clear distinction between insulin action on the 
liver and insulin action on muscle: even in people with T2D, the defect in insulin sen-
sitivity in the liver can be almost completely overcome by sufficiently high levels of 
insulin, whereas muscle (and fat) insulin sensitivity defects persist at higher insulin 
concentrations [40, 48, 49]. This indicates that the processes that cause IR in muscle 
and liver are distinct.

Tissue-specific insulin receptor gene knockouts in mice have provided per-
suasive evidence that IR in a particular tissue can at least spread to other organs. 
Experimenting with a specific deficiency in insulin action in muscle, fat, or liver 
has resulted in the spread of IR to other tissues in a number of cases [50]. However, 
depending on the tissue that is first targeted and/or in which a specific gene dele-
tion occurs, the mechanism of inter-tissue communication varies. The deletion of 
GLUT4, which is essential for glucose uptake in adipose tissue and skeletal muscle, 
is one of the best examples of this inter-tissue communication. In mice, deletion of 
GLUT4 resulted in IR not only in the tissue from which the transporter was removed, 
but also in all metabolic tissues, including the liver. Surprisingly, normalization of 
blood glucose levels reverses IR in the liver and adipose tissue in muscle-specific 
Glut4 gene-knockout mice. This shows that glucotoxicity generated IR in this animal 
model, which is not the case in many other IR models, including the Western diet-fed 
C57BL/6J mice, which do not show considerable hyperglycemia [48–51]. As a result, 
while these animal studies have been useful in uncovering mechanisms of IR in 
specific tissues, their clinical applicability is less evident because complete deletion 
of a gene preferentially in one tissue does not occur in humans. Nonetheless, these 
experiments have provided persuasive evidence that metabolic or signaling changes in 
one tissue can have systemic effects by influencing insulin activity in other organs, a 
phenomenon that has been well-validated by clinical findings [50, 51].

7. Impaired insulin signaling in insulin resistance

Over the past 40 years, much research has resulted in a precise understanding of 
the insulin signaling system, which mediates the insulin’s physiological activities. One 
popular theory is that IR is caused by a defect in one or more of these signaling com-
ponents. Another viewpoint is that IR is only caused by a shift in metabolic flux. For 
example, since the 1960s fatty acids have been proven to impede cells’ ability to utilize 
carbohydrate by allosterically modifying crucial rate-limiting steps in carbohydrate 
metabolic pathways. Several pieces of evidence, however, refute this claim. IR can be 
seen in cells or tissues long after the animal tissues have been removed, implying that 
changes that contribute to IR are long-lasting and cannot be explained by the acute 
action of a systemic factor. Fatty acids decrease the insulin-dependent translocation 
of GLUT4 to the plasma membrane and limit glucose uptake, there is no indication 
that this inhibition is caused by an allosteric change of GLUT4. Finally, IR can persist 
even after significant changes in dietary intake and after changes in metabolic state 
induced by pharmacological interventions. Thus, based on this information, it is 
reasonable to believe that IR is caused by an alteration in insulin signaling, although 
the exact location of the defect in the insulin signaling pathway remains unknown. 
Many essential components of the insulin signaling system have been identified. 
These components are divided into two parts: (i) the proximal part, which represents 
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the core canonical signaling pathway, which includes the insulin receptor, IRS, PI3K 
and AKT; and (ii) the distal part, which includes TBC1D4, GSK3 (glycogen syn-
thase kinase-3) and PDE3B (phosphodiesterase 3B). IR has been linked to defects in 
proximal insulin signaling system, that are associated with cellular stress. Many of the 
intracellular stressors discussed in the next sections activate a variety of intracellular 
Ser/Thr kinases, including novel PKCs (protein kinase C), JNK (c-Jun amino-termi-
nal kinase), mTOR (mammalian target of rapamycin)and S6 kinase, which phos-
phorylate either the insulin receptor or the insulin receptor-related protein (INSRR). 
This could be a negative-feedback route that inhibits insulin signaling, according to 
the theory. However, as it will be discussed later, mounting evidence suggests that 
proximal insulin signaling system is unaffected in IR, implying that IR is caused by 
abnormalities in distal components of the insulin signaling network [52–54].

8. Insulin resistance and insulin signaling at the proximal level

The current focus on proximal insulin signaling abnormalities as a cause of IR 
stems from research into rare, monogenic severe types of IR that were discovered to 
be caused by mutations in the insulin receptor gene or by the development of insulin 
receptor blocking antibodies. Because of the superficial parallels between these rare 
conditions and T2D, it is reasonable to conclude that both diseases are caused by 
abnormalities in insulin receptor function, with the degree of receptor failure varying 
only slightly. Despite early enthusiasm for this theory, subsequent research found that 
IR in most forms of T2D was caused by neither impaired insulin receptor activity nor 
changes in the expression or quantity of insulin receptors. Insulin-binding experi-
ments in rat adipocytes found that only 2.4% of total insulin receptors are required 
for a full biological response, implying that metabolic cells like muscle, fat and liver 
cells have an abundance of insulin receptors; this finding became known as the “spare 
insulin receptor” hypothesis. Insulin-mediated glucose uptake is reduced in insulin-
resistant skeletal muscle cells and adipocytes. Since a slight decrease in the number of 
insulin receptors could only diminish insulin sensitivity and not the maximal insulin 
response [54–58]. While some studies contradict the “spare insulin receptor” hypoth-
esis, recent genetic studies in mice support the idea that insulin signaling is preserved 
when the number of insulin receptors is reduced: mice with heterozygous loss of the 
insulin receptor had normal glucose and insulin tolerance and no impairment in AKT 
signaling in muscle or adipose tissue [59–62].

The concept of spare insulin receptors shifted focus to a “postreceptor defect”, 
which is represented by defects in signaling downstream intermediates of the insulin 
receptor as the cause of IR [57, 58, 63]. Loss-of-function mutations in a number of 
signaling genes—including TBC1D4, AKT2, and IRS1 in humans—have been linked 
to severe forms of IR and T2D; moreover, cancer treatments that block PI3K or AKT 
have been linked to IR and T2D in humans. IR is caused in mice by targeted deletion 
of these genes. In addition, IR results in reduction of skeletal muscle AKT phosphory-
lation in response to insulin stimulation [34, 64, 65].

Given evidence of “spareness” for IRS, PI3K and AKT, the possibility that abnor-
malities in proximal insulin signaling might be responsible for IR has to be questioned, 
in the same way that the “spare receptor” theory has to be questioned. Homozygous 
deletion of AKT2, the most prevalent AKT gene isoform, resulted in a 90% reduc-
tion in insulin-stimulated AKT phosphorylation, but with no discernible defect in 
phosphorylation of the AKT substrate, or protein synthesis in response to insulin. 
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In this situation, there was a tiny quantity of AKT1 expression that was not influenced 
by the gene deletion and was enough to deliver a completely functional message as 
response to insulin [66, 67]. Similarly, whereas AKT2 accounts for 85% of total AKT 
in the liver, its ablation does not result in significant glucose intolerance because the 
remaining AKT1 compensates for this defect [68]. The insulin dose-response curve 
in adipocytes, where the curve for AKT phosphorylation is “shifted to the right” 
compared to that for AKT substrate phosphorylation or insulin action, indicates that 
partial phosphorylation of AKT is sufficient for maximal biological responses, provid-
ing additional evidence for “spareness” in proximal insulin signaling network. At 
“normal” insulin concentrations, phosphorylation of AKT substrates requires only 1% 
of the entire AKT pool to be activated [69–71]. Furthermore, AKT phosphorylation is 
reduced in muscle from T2D patients, while downstream substrate phosphorylation 
is unaffected. Importantly, studies in animals fed a Western diet have indicated that 
IR begins before any detectable insulin signaling defect. Only 42 days of Western diet 
feeding resulted in reduced insulin-stimulated AKT phosphorylation, but TBC1D4 
phosphorylation remained normal. As a result, minor changes in phosphorylation of 
proximal insulin signaling components may result in insulin sensitivity, but they are 
unlikely to result in a reduction in the maximal physiologic response [53].

Thus, how can the predominance of abnormalities in proximal insulin signaling 
components observed in diverse IR models, such as lower AKT phosphorylation, be 
reconciled? It is possible that these defects are a result of defective glucose metabo-
lism rather than the cause. This could be a direct effect secondary to compensatory 
hyperinsulinemia, a typical hallmark of IR (since persistent hyperinsulinemia can 
lead to degradation of proximal insulin signaling components); alternatively, it may 
be a cell-autonomous effect due to a reduction in AKT phosphorylation as a result of 
defective glycolysis. Many studies used insulin-stimulated AKT phosphorylation in 
mice (sometimes in response to a maximal, pharmacological dosage of insulin) as an 
indicator of insulin sensitivity [72–75].

However, under physiological settings such as the response to a meal (with 
minimal insulin release), AKT phosphorylation is barely detectable, due to the 
non-linearity between AKT phosphorylation and phosphorylation of its substrates. 
As a result, when evaluating the physiological importance of insulin signaling, it is 
critical to look at the phosphorylation of a variety of AKT substrates to determine 
if there is a major deficiency in “AKT activity” in vivo. These findings suggest that a 
minor impairment in proximal insulin signaling network is unlikely to account for the 
significant reduction in insulin-stimulated glucose uptake observed in patients with 
T2D. Furthermore, these findings underline that lower AKT2 phosphorylation should 
not be used as a direct marker or even as a proxy measure of IR [71].

Negative feedback loops originating from Ser/Thr kinases that phosphorylate and 
limit the action of IRS proteins have also been proposed as a cause of IR. This theory 
is refuted by a number of studies. Since Platelet-derived growth factor (PDGF) 
by-passes these proteins to activate glucose uptake, mice bred to overexpress PDGF 
receptor (PDGFR) in muscle presented an ideal model to explore whether deficien-
cies in insulin receptor or IRS were implicated in experimental IR. In these mice, 
PDGF treatment resulted in increased glucose uptake in muscle [76]. Notably, when 
PDGFR transgenic rats were fed a Western diet, muscle glucose uptake in response 
to PDGF was decreased to the same degree as insulin-mediated uptake. This refutes a 
role for inhibitory Ser/Thr phosphorylation of the insulin receptor or IRS as a cause of 
IR, indicating that the deficiency in glucose uptake or IR does not involve the insulin 
receptor or IRS [8, 53, 54, 77, 78].
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Furthermore, in mice, targeted mutation of one of the major putative inhibi-
tory sites in IRS1 (Ser307), deletion of potential mediators of IR, such as PKC 
(which is reported to phosphorylate insulin receptor), and pharmacological 
blockade of key negative feedback pathways, such as mTOR (which is activated by 
insulin signaling and inhibits signaling by phosphorylating IRS through a negative 
feedback mechanism) [78–81].

Finally, investigations in humans with IR or T2D revealed that insulin-stimulated 
muscle glucose uptake is reduced by 50–100% even at maximum insulin dosages 
[82–85], with no change or reduction in AKT phosphorylation [86–88]. Only a few of 
these studies addressed the mechanism of AKT substrate phosphorylation in depth, 
and those that did found no deficiency or poorly linked with IR. These findings 
support the theory that the proximal insulin signaling network in human tissues has 
enough “spareness” to overcome even a moderate deficiency in AKT phosphorylation 
[87–89], and that lowered AKT phosphorylation is adequate to ensure a normal signal 
transduction. As previously stated, faulty proximal insulin signaling is most likely a 
result of IR rather than a cause of IR [90].

9. GLUT4 and insulin resistance

Insulin stimulates the transfer of intracellular GLUT4 storage vesicles to the cell 
surface, resulting in glucose uptake in skeletal muscle cells and adipocytes (Figure 1) 
[91–94]. Insulin-dependent GLUT4 translocation has been linked to IR in both 
skeletal muscle and adipose tissue. This decrease in GLUT4 availability at the plasma 
membrane causes a reduced glucose uptake, which can lead to other IR-related conse-
quences like reduced AKT phosphorylation, protein synthesis defects, and increased 
lipolysis [72, 95, 96]. GLUT4 does not show spareness, unlike proximal insulin 
signaling components such as IRS1 and AKT. The fact that heterozygous GLUT4 
 gene-knockout mice acquire metabolic disease exemplifies this concept [97].

However, while GLUT4 levels are lowered by 50% in human adipose tissue 
from patients with T2D, such levels remain unaltered in skeletal muscle, imply-
ing that GLUT4 levels cannot explain IR development in skeletal muscle [98]. 

Figure 1. 
Translocation of glucose transporter type 4 (GLUT4) from GLUT4 storage vesicles (GSVs) to the plasma 
membrane of normal adipocytes and skeletal muscle cells (a). This process is altered in conditions characterized 
by insulin resistance (b).
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Despite normal GLUT4 levels, insulin-stimulated GLUT4 translocation to the 
cell surface in skeletal muscle is faulty in both individuals with T2D [92] and in 
several rodent models of IR [99, 100]. Importantly, while exercise-modulated 
GLUT4 translocation to the cell surface is unaffected [101], the impairment in 
muscle GLUT4 trafficking in T2D is insulin signaling-specific. Insulin and exer-
cise both cause GLUT4 translocation to the cell surface from discrete intracellular 
compartments [102].

The ultimate defect that defines IR is the impaired GLUT4 translocation to the 
plasma membrane. However, it is unknown how the numerous potential intracellular 
IR mediators mentioned later affect GLUT4 trafficking. Three options are discussed 
here. First, GLUT4 translocation requires that GLUT4 is localized in the appropriate 
intracellular compartment, the so-called GLUT4 storage vesicles (GSVs); GLUT4 tar-
geting to GLUT4 GSVs has been hypothesized to be altered in IR [91, 100]. However, 
whereas this would likely result in GLUT4 degradation, GLUT4 levels in skeletal 
muscle from patients with IR remain unaffected. Second, given the importance of 
protein phosphorylation in insulin action [101–104], it is possible that the defect is 
caused by a distal component of the insulin-regulated phosphorylation network such 
as TBC1D4, which regulates GLUT4 trafficking, although there is no convincing evi-
dence for defective TBC1D4 phosphorylation in IR [105]. TBC1D4 is unlikely to be 
the only AKT target causing GLUT4 translocation, as cells lacking TBC1D4 still have 
some insulin-sensitive glucose transport [106]. Recent phosphoproteomics studies 
have revealed the existence of a wide range of insulin-responsive phosphoproteins 
in metabolic cells, allowing for the identification of insulin signaling targets in the 
distal part of the insulin signaling pathway that may be involved in the development 
of IR [104]. Indeed, IR is associated with massive alterations in the architecture of 
the entire insulin signaling pathway, according to examination of muscle cells from 
T2D patients [107]. Finally, a direct alteration of GLUT4 or a defect in a yet undis-
covered protein that interacts with GLUT4 could cause the abnormalities in GLUT4 
trafficking. This could include carbonylation and oxidation-induced inactivation of 
GLUT4, which have been observed in humans as a response to short-term overnutri-
tion [108]. Protein carbonylation is linked to H2O2 production, lipid peroxidation 
and IR, suggesting a link between such molecular processes and the development of 
IR [109].

10. Adipose tissue and insulin resistance

While IR is regularly seen in lean first-degree relatives of patients with T2D, it 
is also found in many lean “healthy” individuals, suggesting that IR is more com-
mon than previously thought. In this regard, dietary habits, physical activity level 
and genetics are important factors that can significantly contribute to IR. Adipose 
tissue makes a significant contribution to the development of IR. Limitations in 
peripheral adipose tissue storage capacity and expansion in response to over nutri-
tion (as it occurs in overweight and obesity) lead to increased circulating lipids, 
subsequent lipid accumulation in non-adipose tissues (ectopic lipid in liver, skeletal 
muscle, heart, and pancreas) and development of lipid-induced IR and metabolic 
derangements [110, 111]. Because of this, and since there is a clear link between IR 
and increased adipose tissue mass, we will discuss the role of adipose tissue mass and 
lipotoxicity as significant drivers of IR, as well as the emerging mechanisms by which 
adipocytes contribute to systemic IR.
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10.1 Adipose tissue dysfunction

IR in adipocytes could be the first step in the progression of adipose tissue dys-
function, similar to IR in muscle and liver. In adipocytes from first-degree relatives of 
patients with T2D, there is a low expression of markers of insulin sensitivity such as 
GLUT4 and adiponectin (a crucial systemic insulin-sensitizing adipokine produced 
by adipose tissue), supporting this theory [112]. Furthermore, adipocyte hypertrophy 
(increase in adipocyte size) appears to precede T2D onset in Pima Indians, a group 
of Native Americans with a high incidence of IR and T2D [113]. Additionally, mouse 
models with adipose-specific IR also have IR in their muscle and liver. Notably, IR in 
the muscle of adipose-specific Glut4 gene-knockout mice was only present in vivo 
but not when muscles were isolated and assessed in vitro, implying a role for systemic 
factors (which did not include circulating FFAs or inflammatory cytokines) in the 
progression of IR from adipose tissue-specific pathology [114, 115].

Human genetic research has also suggested that adipose tissue plays a significant 
role in IR. Studies in identical twins or first-degree relatives of T2D patients have 
shown that inheritance has a substantial influence in IR and T2D [116]. More than 
250 genetic loci have been linked to T2D so far, however they only account for 25% 
of T2D heritability [117]. While these investigations have generally discovered genes 
linked to beta-cell function and insulin secretion, deeper analysis of phenotypes 
more closely aligned with IR have begun to uncover genetic drivers of IR in other 
organs. Surprisingly, several of these drivers are involved in the function of adipose 
tissue [118]. Although subclinical lipodystrophy is a rare cause of severe IR, it has 
been suggested that milder forms of lipodystrophy are responsible for IR in general, 
supporting a model in which excessive lipid spillover into circulation is a proximal, 
mechanistic cause of altered insulin action. Specifically, when the individual’s capac-
ity to store lipids in adipose tissue has been exceeded, lipid spillover into circulation 
leads to elevated plasma FFAs and triglyceride levels, which result in increased ectopic 
storage of these molecules in non-adipose tissues—such as liver and skeletal muscle—
and subsequent metabolic derangements via lipotoxicity (lipid-induced toxicity). 
Surprisingly, genes in the insulin signaling system linked to IR (IRS1 and GRB14) are 
also linked to familial partial lipodystrophy [119].

PPARG (Peroxisome Proliferator-Activated Receptor Gamma, a master positive 
regulator of adipogenesis) and CCDC92, DNAH10, and L3MBTL3 (regulators of 
adipocyte differentiation) were among the 53 loci discovered in a study employing 
an integrated genomic approach to find genes related to IR. Thiazolidinediones are 
insulin-sensitizing peroxisome proliferator-activated receptor gamma agonists that 
are used in the treatment of T2D and act by promoting adipogenesis and adipose tis-
sue growth (through cell size and cell number increase or adipocyte hypertrophy and 
hyperplasia) [119]. The availability of additional lipid storage induced by thiazolidin-
ediones may therefore promote insulin sensitivity by alleviating lipotoxicity [120]. 
These drugs also improve insulin sensitivity in first-degree relatives of T2D patients, 
implying that adipose tissue hypertrophy and “unhealthy” lipid storage are critical 
regulators of insulin action and contributors to IR [121].

Adipose tissue’s primary function is to store fat and release it into circulation when 
needed, and it has the unique capacity to expand in response to nutrient overload. 
Lipids can be released into the bloodstream when the adipocyte capacity to store 
lipids has been exceeded [39]. There is compelling evidence that the accumulation 
of excess lipids in non-adipose tissues (e.g., skeletal muscle and liver), known as 
lipotoxicity (a.k.a. lipid-induced toxicity), plays a role in the development of muscle 
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and liver IR [122]. As a result, studies aimed at understanding the cause and magni-
tude of increased circulating lipid levels in IR are now being pursued. Furthermore, 
intracellular lipid accumulation in cells and tissues—including pancreatic beta cells 
and liver—has been linked to the onset of cellular dysfunctions, such as secretory 
abnormalities and inflammation (Figure 2). Elevated circulating FFA levels have been 
linked to IR, and this has been proposed as a possible cause of lipotoxicity [123].

In humans and animals, lipid infusion causes muscle IR and enhanced hepatic 
gluconeogenesis, the latter attributable to changes in metabolic fluxes rather than to 
fat accumulation [123–125]. Furthermore, animals with increased circulating FFA 
levels due to increased lipolysis develop muscle and hepatic IR, whereas obese mice 
with reduced fat cell lipolysis are protected from glucose intolerance [126]. It is worth 
noting that, as discussed elsewhere [127], circulating FFA levels in patients with 
IR or T2D usually are not elevated. However, there are several confounders in this 
measurement, including the wide range of FFA levels in healthy adults and the fact 
that fasting FFAs are typically assessed rather than the more relevant postprandial 
FFAs. Nonetheless, there is strong evidence that serum FFA levels are elevated in 
first-degree relatives of patients with T2D [127, 128], implying that this elevation 
represents an early stage of the disease. It is unclear if the rise in circulating FFA levels 
is related to defects in insulin-mediated regulation of lipolysis, to alterations in fat 

Figure 2. 
Excessive adipocyte lipid storage in response to overnutrition, resulting in adipocyte hypertrophy, inflammation 
and increased release of free fatty acids (FFAs) into circulation, leading to ectopic fat accumulation, lipotoxicity 
and development of insulin resistance in non-adipose tissues, such as liver and skeletal muscle.



67

Molecular Mechanisms Involved in Insulin Resistance: Recent Updates and Future Challenges
DOI: http://dx.doi.org/10.5772/intechopen.104806

storage capacity, or to an increase in adipose tissue mass without defects in lipolysis. 
Lipolysis per gram of adipose tissue mass is considerably lower in obese subjects, 
suggesting that enlargement of adipose tissue mass is the principal driver of abnormal 
FFA homeostasis [129].

Adipose tissue can grow in size by either hypertrophy, which involves the 
enlargement of existing adipocytes, or hyperplasia, which involves the generation 
of new fat cells from preadipocytes via adipogenesis, resulting in an increase in the 
number of tiny adipocytes [130]. Subcutaneous adipose tissue is more expandable 
than visceral adipose tissue in humans, whereas the opposite is true in C57BL/6J 
male mice [131]. Female mice, interestingly, show expandability of both adipose 
tissue depots in response to Western diet feeding, suggesting that sex hormones and 
other sex-dependent elements play a role in this process [131, 132]. Pathological 
adipose tissue expandability under situations of overnutrition, particularly adipose 
tissue hypertrophy, has got a lot of attention as a likely cause of IR. Indeed, first-
degree relatives of patients with T2D have greater amounts of hypertrophic adipose 
tissue, implying that changes in cell size—presumably due to defective adipogen-
esis—represent an early event in the pathophysiology of T2D. Hypertrophic large 
adipocytes are linked to poor metabolic outcomes when compared to hyperplastic 
adipocytes [39, 133], which have been shown to confer metabolic health in obesity 
[134–136]. More importantly, hypertrophic adipocytes may contribute to an increase 
in circulating FFA levels due to their reduced FFA storage capacity. Reduced preadi-
pocyte differentiation, diminished de novo lipogenesis or FFA uptake in hypertro-
phic adipocytes, and/or reduced adipose tissue expandability due to physical limits 
on expanding cell size may all contribute to decreased lipid storage capacity by the 
hypertrophic adipose tissue. Furthermore, adipogenesis abnormalities may result in 
decreased generation of beige adipocytes, thereby contributing to higher circulating 
FFA levels; indeed, beige adipocytes differentiate from a subpopulation of progeni-
tors resident in white adipose tissue and have the ability to promote FFA oxidation 
through thermogenesis [137, 138].

10.2 Circulatory factors released from adipocytes

Adipose tissue secretes a number of factors (termed “adipokines”) into the blood-
stream that regulate energy metabolism. These factors include cytokines, hormones, 
extracellular matrix proteins, as well as growth and vasoactive factors. The type of 
adipose tissue expansion has been demonstrated to impact the secretion of certain of 
these factors under IR conditions. Since the discovery of leptin as the first adipokine 
[139], a growing list of adipose tissue-secreted factors implicated in IR has been 
discovered, with roles in IR that are either protective or causative [20, 140].

Leptin, for example, regulates whole-body energy metabolism by acting on 
feeding centers in the brain to suppress food intake and increase energy expenditure; 
leptin deficiency causes obesity, hyperinsulinemia, IR and impaired glucose homeo-
stasis [141]. Adiponectin, another well-known adipokine secreted from adipocytes, 
has been linked to regulation of cell insulin sensitivity. In humans, circulating 
adiponectin levels are favorably linked with whole-body insulin sensitivity; addition-
ally, physical training increases circulating adiponectin levels and the expression of 
its receptors in muscle, which may mediate the improvement of IR in response to 
exercise [142]. Surprisingly, small and subcutaneous adipocytes release more adipo-
nectin than visceral or large adipocytes [143]. Anti-atherogenic, anti-inflammatory, 
and insulin-sensitizing effects of adiponectin have also been discovered [144]. 
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It is worth mentioning, however, that while adiponectin’s positive benefits in rats 
are outstanding, the role of this adipokine in humans is less obvious, and Mendelian 
randomization studies on adiponectin’s relationship with metabolic disease in humans 
have generated inconsistent results [145, 146].

Adipocytes release a variety of substances, including metabolites like lipids and 
extracellular vesicles that contain proteins and microRNAs. Branched fatty acid esters 
of hydroxy fatty acids (FAHFAs) are a unique class of lipids synthesized in adipocytes 
that have been shown to increase insulin sensitivity and reduce inflammation; accord-
ingly, individuals with IR have lower circulating FAHFA levels [147]. As a result, 
further research into this metabolite class is necessary. Adipocytes, for example, 
release tiny lipid-encapsulated extracellular vesicles into the bloodstream. These 
vesicles may alter metabolic processes in other target tissues, such as the liver, accord-
ing to increasing evidence based on mouse studies. MicroRNAs represent one of the 
components found in extracellular vesicles that have been linked to this mechanism. 
While investigations on microRNAs are intriguing, many fundamental aspects about 
the mechanism of their controlled secretion and their tissue targeting and entry into 
target cells remain unknown [148, 149].

Many circulating factors are also produced by other adipose tissue-resident cells, 
such as immune or vascular cells, rather than by adipocytes themselves (the so-called 
“stromal vascular fraction” of adipose tissue). Some of these adipokines, such as tumor 
necrosis factor (TNF), resistin or vascular endothelial growth factor (VEGF), are 
important regulators of tissue homeostasis and may be secreted as a result of adipose 
tissue enlargement during the development of obesity [150]. Nonetheless, inflamma-
tory cytokines have been widely suggested as possible IR-inducing adipokines, and 
several of these factors have significant proinflammatory activities [151–153].

11. Inflammation and insulin resistance

It is now well recognized that cells of both innate and adaptive immunity, notably 
macrophages, infiltrate hypertrophic adipose tissue in most obesity models, and that 
this is accompanied by a loss of immunosuppressive regulatory T cells in visceral fat 
depots [154]. When macrophages in adipose tissue are activated in response to over-
nutrition, they polarize towards a proinflammatory phenotype and release cytokines 
that may trigger IR in all metabolic tissues [155]. Diet-induced obesity in mice and 
humans is unmistakably linked to elevated levels of systemic inflammatory markers, 
including C-reactive protein (CRP) and enhanced immune cell infiltration of adipose 
tissue and other organs [156]. In addition, inflammatory cytokines, such as TNF, can 
elicit IR in metabolic tissues when infused in humans [157]. Although macrophage 
infiltration into hypertrophic adipose tissue is well documented, the role of inflam-
mation in IR is convoluted and controversial; for example, inflammatory markers are 
not elevated in first-degree relatives of T2D patients [158]. Furthermore, in Western 
diet-fed mice, tissue IR occurs before the adipose tissue infiltration by a considerable 
number of immune cells, and genetic or pharmacological anti-inflammatory methods 
do not prevent the development of Western diet-induced IR [159, 160]. The admin-
istration of a neutralizing antibody against interleukin-1 (IL-1), a proinflammatory 
cytokine implicated in IR, to approximately 4000 patients with T2D and almost 5000 
subjects with prediabetes resulted in a significant decrease in CRP levels, as well as 
in a modest positive effect on cardiovascular outcomes, but without reducing the 
frequency of new-onset T2D or increasing fasting glucose levels [161–163].
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Overall, evidence suggests that adipose tissue infiltration by macrophages is 
unlikely to be the major cause of IR. Macrophage infiltration into the growing adipose 
tissue may affect its function in addition to systemic inflammation, but the exact 
impact of this infiltration is unknown [164]. Anti-inflammatory macrophages (M2), 
on the other hand, have been shown to promote angiogenesis and preadipocyte differ-
entiation, which aids adipose tissue expansion [165, 166]. The diversity of cytokines, 
their concentrations, and the timing of their release into the tissue are likely to have 
a considerable impact on the final biological response, contributing to the observed 
inconsistent results. The ability of genetically induced adipocyte IR to elicit adipose 
tissue inflammation adds to the growing body of evidence that inflammation may be 
a consequence rather than a cause of IR. Hyperinsulinemia has been shown to induce 
adipose tissue inflammation, implying that the latter is a late event in the IR patho-
physiology [30].

12. Intracellular mediators and insulin resistance

Many extrinsic stimuli and genetic alterations can antagonize insulin action in 
vitro and in vivo, and their investigation has led to the identification of a series of 
molecules as putative intracellular mediators of IR. In the sections that follow, we will 
look at the role of a few intracellular components that have got a lot of attention as 
drivers of IR. It is worth noting that mechanisms of action of these components are 
not well-established yet, and further research is needed to better understand their 
role in IR development.

12.1 Accumulation of ceramides

Ceramides have been implicated as IR mediators by a large body of research. 
Ceramides are essential precursors of most of the complex sphingolipids localized 
in lipid bilayers, including sphingosine, sphingomyelins, and glucosylceramides. 
Ceramides accumulate in muscle, liver and adipose tissue of subjects with IR, 
according to human and animal studies [167–170]. In insulin-resistant tissues, the 
levels of 16- or 18-carbon chain-length ceramides are raised, whereas the levels 
of other chain-length ceramides are not consistently changed [171, 172]. Indeed, 
in adipose tissue from obese subjects, the level of ceramide synthase isoform 6 
(CERS6), which synthesizes C16 ceramide, is raised [171]. Surprisingly, the presence 
of a double bond in the ceramide backbone promotes IR, as ablation of the enzyme 
responsible for its formation (dihydroceramide desaturase 1) abrogates IR [173]. 
While it is unclear how specific extrinsic mediators of IR cause increased intracel-
lular ceramide levels, it is possible that excess FFAs serve as a crucial substrates for 
ceramide biosynthesis [174–176].

Another theory connects intracellular ceramide to levels of circulating adiponec-
tin. Ceramidase activity is found on adiponectin receptors, and lower adiponectin 
levels in IR may lead to decreased ceramidase activity and, consequently, to higher 
ceramide levels [177, 178]. AMP-activated protein kinase (AMPK), a major metabolic 
sensor that regulates mitochondrial biogenesis and metabolism, is activated by adi-
ponectin, potentially regulating ceramide via increased mitochondrial lipid oxidation 
[179]. By using small-molecule inhibitors or genetic deletion of ceramide-producing 
enzymes to neutralize ceramide accumulation in metabolic organs, researchers were 
able to reverse or prevent IR induced by the Western diet in C57BL/6 mice with 
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diet-induced obesity [122]. The relationship between ceramide and decreased insulin 
action is not univocal, as it is for many possible intracellular mediators of IR. In fact, 
ceramide suppresses AKT activity, although IR is unlikely to be caused by defects in 
AKT, which is a proximal arm of insulin signaling (as it has previously been men-
tioned). Ceramide could be part of a wider, IR-related stress mechanism that leads to 
mitochondrial dysfunction and to the production of reactive oxygen species (ROS). 
Ceramide has also been connected to the release of pro-inflammatory cytokines, 
which have been involved in IR, as it has previously been described [180, 181].

12.2 Accumulation of diacylglycerol (DAG)

Another popular theory for the cause of IR is the accumulation of diacylglycerols 
(DAGs) in muscle, adipocytes and liver, as a result of elevated serum FFA levels  
[182, 183]. Protein kinase C (PKC) is recruited to the plasma membrane by DAGs, 
where it phosphorylates and inhibits insulin receptor kinase activity. While it is 
quite plausible that DAG levels are elevated in insulin-resistant tissues, a scenario in 
which DAG-dependent phosphorylation of the insulin receptor is the major cause of 
IR raises a number of questions. Given the “spareness” of the insulin receptor and 
proximal signaling intermediates, it is doubtful that IR is caused solely by abnormali-
ties in these components, at least in muscle. In contrast to other insulin-responsive 
proteins, the stoichiometry of insulin receptor phosphorylation at the region impli-
cated in DAG-mediated IR is low and not detectable by conventional phosphopeptide 
analysis [79, 104, 184]. PKC deletion in the liver had little effect on whole-body 
insulin sensitivity in mice, indicating against PKC being a key target of DAG-induced 
IR in that tissue [79, 104], although this has since been challenged by studies in 
rats showing that acute knockdown of PKC in the liver protected animals from IR. 
However, antisense oligonucleotides were delivered systemically, which could target 
PKC expression in other organs. While technical differences between these studies 
and others have been suggested as a reason for the discrepancies observed [183], there 
appears to be enough disagreement about the role of the DAG-PKC-insulin recep-
tor pathway in IR to warrant further investigation and, in particular, validation by 
multiple independent laboratories [185].

12.3 Mitochondrial dysfunction and reactive oxygen species (ROS)

IR has been linked to a decrease in mitochondrial function. Mitochondrial 
dysfunction is a term that has been used to describe a variety of mitochondrial 
phenotypes, including decreased respiratory capacity and ATP production, decreased 
number of mitochondria, accumulated mitochondrial damage due to defects in 
mitophagy, and altered mitochondrial morphology caused by changes in mitochon-
drial fission-fusion dynamics. Many of these alterations are also linked to an increase 
in mitochondrial ROS generation, which has long been linked to IR [186–188].

It is not unexpected that IR is linked to higher levels of reactive oxygen species 
(ROS). This is due to the fact that IR is frequently accompanied by a positive energy 
balance, which leads to an excess of reducing equivalents (NADH and FADH2). This 
determines a reductive stress on the mitochondrial respiratory electron transport 
chain, which invariably results in the formation of free electrons and, as a result, in 
an increased production of various forms of ROS [189]. Furthermore, enhanced ROS 
production has been found in response to a variety of extracellular stressors linked to 
IR, including inflammation [190]. Superoxide, H2O2, reactive nitrogen andoxidized 
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lipids accumulate in insulin-resistant cells or tissues, and a mitochondria-targeted 
small molecule transiently produced mitochondrial ROS in muscle and adipocytes, 
causing IR. As a result, attempts to reduce ROS levels have been proven to reverse or 
prevent IR in mice [191–194].

Reduced levels of coenzyme Q (CoQ ) have recently been linked to IR in humans 
[44]. In mitochondria, CoQ is a key component of the electron transport chain, trans-
ferring electrons from complex I or II to complex III. Furthermore, unlike complex I, 
CoQ receives electrons directly from the electron-transferring flavoprotein, and this 
is unrelated to proton pumping or mitochondrial membrane potential, relying only 
on the availability of oxidized CoQ. Reduced CoQ accumulates, causing reductive 
stress in complex I, complex II and other dehydrogenases that feed electrons into the 
CoQ pool, resulting in increased ROS production [195]. As a result, lowering the total 
CoQ pool [44] will most likely lower the ROS production threshold at a given energy 
demand-supply ratio. It is also worth noting that FFA oxidation produces far more 
ROS than carbohydrate oxidation [195]. This is because the electron-transferring 
flavoprotein feeds a higher proportion of reducing equivalents straight into the CoQ 
pool during FFA oxidation. Therefore, as lipid metabolism increases, the supply 
of reducing equivalents outnumbers the demand, lowering the ratio of oxidized to 
reduced CoQ. This is likely worsened when total CoQ levels are low, as seen in IR 
[44], resulting in reductive stress and increased ROS production. The mechanism 
that regulates CoQ levels in IR is unknown. Intriguingly, statins, which are com-
monly used as cholesterol-lowering drugs, have been linked to IR in humans [196], 
with the possibility that this relationship is related to the statin-induced reductions 
in CoQ biosynthesis [44]. Unfortunately, given the low bioavailability of CoQ , oral 
supplements, which are frequently recommended as an antioxidant strategy, are 
unlikely to be successful in replenishing the mitochondrial CoQ pool in patients with 
IR or even in individuals who take statins. Other hazardous intermediates can be 
generated, in addition to ROS, as a result of mitochondrial respiration abnormalities. 
Acylcarnitine is an example of incompletely oxidized lipids produced by lipid over-
load. Acylcarnitine has been reported to accumulate in IR, indicating a deficiency in 
or an overabundance of the mitochondrial oxidative ability. In this regard, it has been 
postulated that lipid-induced mitochondrial stress mediates IR, although the exact 
mechanisms remain elusive [197].

12.4 Insulin resistance associated with stress pathway

Many of the pathways involved in IR pathophysiology, such as those involving 
ceramides, DAGs or ROS, are now being linked as part of what we call an “intra-
cellular IR stress pathway”, according to new evidence. Ceramide, for example, 
promotes mitochondrial fission and ROS production [198, 199]. In subjects with IR, 
the quantity of mitochondrial ceramide is higher, and enzymes involved in ceramide 
biosynthesis have been found in mitochondria [185, 200–203]. Ceramide is involved 
in apoptosis triggered by mitochondria in some cells, including insulin-producing 
pancreatic beta cells, but not in other metabolic tissues [204–206]. Ceramide also 
contributes to endoplasmic reticulum stress, which frequently co-occurs with mito-
chondrial stress and has been proposed as a driver of IR, where endoplasmic reticu-
lum stress causes JNK activation, which, as previously described, affects the insulin 
signaling pathway via inhibitory IRS1 Ser/Thr phosphorylation [204–206]. Ceramide 
also induces PKC, a DAG-regulated kinase, to translocate to mitochondria, activat-
ing it and causing mitochondrial damage through an unknown mechanism [207]. 
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Ceramides and DAGs are also biochemically connected; sphingomyelin synthase, for 
example, converts ceramide to DAG. Finally, in rats, reducing mitochondrial ROS 
levels with mitochondria-targeted catalase improved insulin sensitivity while lower-
ing muscle DAG levels [208]. The potential connection of many of these suspected 
IR-causing elements into a dynamic network should help to resolve some of the 
current debates on this topic.

12.5 Signals from the mitochondria

Despite the interest in mitochondrial dysfunction in IR, it is unclear how intrami-
tochondrial signals, like ceramide or ROS, may cause changes in insulin action, such 
as impaired GLUT4 translocation, which occurs mostly in the cytosol. The mito-
chondrial permeability transition pore (mPTP), a multiprotein complex located in 
the inner mitochondrial membrane, is a promising candidate for “inside-out” mito-
chondrial signaling because it opens under conditions of mitochondrial stress—most 
notably involving mitochondrial ROS—to allow molecules to be transported from 
mitochondria to the cytoplasm [209]. In L6 myotubes, inhibiting mPTP prevented 
ceramide- or palmitate-induced IR, and mice with defective mPTP opening were 
protected from diet-induced IR in skeletal muscle [210]. Although at least a part of 
the impact is attributable to its anti-obesogenic effect, deletion of mPTP in the liver 
has been shown to protect mice from liver steatosis and IR [211].

13. Conclusions and perspectives

The rising frequency of IR, as well as its crucial involvement in a variety of dis-
eases, demands a greater understanding of the processes behind IR pathogenesis and 
how they interact with genetics and various surroundings, notably dietary factors. 
We have attempted to offer an overview of the main mechanisms hypothesized to 
contribute to IR in this chapter, highlighting both supportive and non-confirmatory 
evidence when appropriate. Many of the molecules and processes studied as causative 
in IR, in our opinion, function in series as a connected pathway or a loop rather than 
acting independently. Unfortunately, there has been a recent trend to describe IR as a 
dysfunction of insulin signaling, regardless of whether a simultaneous examination 
of insulin action on glucose metabolism has identified a defect in the latter process. 
We feel that this method has produced significant problems in the field, and we wish 
to send a message that simple, unitary errors in proximal insulin signaling are unlikely 
to be a major cause of IR. Rather, IR develops as a result of a variety of challenges 
that disrupt cellular homeostasis, resulting in cellular stress that can have a variety of 
deleterious consequences on insulin signal sensing and transmission.

The difficulty in translating findings from model organisms to humans, particu-
larly in terms of differentiating IR causation from the multiplicity of effects, is a key 
roadblock in investigating the underpinnings of IR. By discovering causal genetic 
variants, human genetics holds a lot of promise for tackling this problem. However, 
genetics can only explain a portion of the pathophysiology of IR. Environmental 
variables play a crucial role in determining susceptibility to IR development and 
interact with genetics. Furthermore, the heterogeneity of metabolic diseases like 
T2D demands detailed phenotyping. Focusing on phenotypes that has better track 
with IR has proven difficult to achieve in the large cohorts. It is required to identify 
genetic polymorphisms that only explain a small proportion of disease in the human 
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population. Despite these limitations, a number of genetic loci linked to human IR 
have been discovered, leading to a renewed focus on adipose tissue enlargement as 
a critical aspect of IR. However, since IR is a systemic condition, we expect future 
investigations to discover variations in genes governing multiple cellular processes 
throughout organs as linked to IR pathophysiology.

A more systematic approach involving large-scale omics to analyze the molecular 
landscape rather than relying on individual components as causal would be required 
to gain a better understanding of IR. Moreover, while knockout mice have been 
critical in characterizing the biochemistry of insulin action, they have also sparked 
numerous debates. One reason for this is that gene deletions typically result in adap-
tive processes that are difficult to define and may have limited physiological value, 
as indicated in a recent study with muscle-specific Akt gene-knockout mice [58]. In 
animals with both insulin and insulin-like growth factor 1 (IGF-1) receptors removed 
in muscle, similar adaptation mechanisms have been reported [212].

The ultimate goal of understanding mechanisms behind IR is to develop new, 
effective anti-IR therapeutic strategies. One key point to consider in this endeavor 
is whether such therapies would be beneficial if the initial insult—nutritional over-
load—persists. While IR is typically considered abnormal, as it is linked to a variety 
of disease outcomes, it is also a prevalent component of many normal physiological 
states, such as starvation, pregnancy, and hibernation. IR is believed to play a protec-
tive or adaptive role in such conditions, supporting survival by saving glucose for 
the brain and other vital tissues and organs or for the fetus during pregnancy. It is 
possible that IR has a similar function in metabolic disease. Since the primary meta-
bolic tissues are frequently exposed to potentially harmful quantities of nutrients, IR 
could be a protective mechanism that helps to prevent tissue nutrition overload [190]. 
However, this comes at a price, namely concomitant hyperinsulinemia, which is the 
most serious pathophysiological consequence of IR. Insulin-sensitizing drugs may 
thus act as a “circuit breaker”, reducing hunger, inflammation and IR by suppressing 
hyperinsulinemia. As a result, we believe there is still a strong need to describe the 
molecular characteristics that drive IR in order to identify appropriate targets that can 
break the IR vicious cycle.
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Abstract

Pregnancy is physiologically associated with a gradual increase in insulin 
resistance, which acts as a physiologic adaptive mechanism to ensure the adequate 
supply of glucose to the rapidly growing fetus. However, an early adaptive increase 
in beta-cell glucose sensitivity and beta-cell insulin secretion maintains glucose 
homeostasis during normal pregnancy. Potential mechanisms behind gestational 
insulin resistance include hormonal, placental, and genetic or epigenetic factors, as 
well as the increase in visceral adipose tissue, alterations in gut microbiota, and the 
concurrent presence of overweight or obesity. In some instances, defects in beta-cell 
adaptive mechanisms occur, resulting in a substantial exacerbation of insulin resis-
tance and in the possible development of gestational diabetes mellitus (GDM). This 
chapter aims to provide readers with a basic knowledge of the physiologic adaptations 
and the possible dysregulations of glucose homeostasis and insulin sensitivity during 
pregnancy. Indeed, this knowledge is critical to properly identifying women at risk 
for maternal and/or fetal metabolic complications and tailoring the prevention and 
treatment strategies for this population. We also briefly discuss the potential factors 
and molecular/cellular mechanisms accounting for gestational insulin resistance and 
GDM pathophysiology.

Keywords: pregnancy, insulin resistance, insulin sensitivity, insulin secretion,  
beta-cell adaptation, placenta, placental hormones, obesity, inflammation,  
gestational diabetes mellitus, GDM

1. Introduction

Pregnancy is a unique metabolic event characterized by a series of biochemical, 
anatomical, and physiological changes aiming to ensure the adequate nourishment of 
the fetus and to prepare the maternal body for lactation. The pregnancy of a healthy 
woman is physiologically associated with resistance to the action of insulin on glucose 
uptake and consumption by maternal peripheral tissues [1, 2]. Insulin resistance 
during pregnancy serves as a physiological adaptation aimed to subsidize the adequate 
supply of carbohydrates to the rapidly growing fetus, which uses glucose as the main 
energy source [2]. Data from normal pregnancies of nondiabetic overweight or obese 
women demonstrated that resistance to the action of insulin on lipolysis and fat 
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oxidation develops during late gestation and disappears postpartum [3]. Yet, during 
pregnancy, there is a coexisting balance between the physiologic insulin resistance 
and an adaptive increase in beta-cell insulin production.

This chapter aims to provide readers with a basic knowledge of the physiologic 
adaptations and the possible dysregulations of glucose homeostasis and insulin 
sensitivity during pregnancy. Indeed, this knowledge is critical for identifying women 
at risk for maternal and/or fetal metabolic complications. We also provide a brief 
overview of the potential factors and molecular/cellular mechanisms accounting for 
gestational insulin resistance and gestational diabetes mellitus (GDM) pathophysiol-
ogy, although these are still not entirely clear.

2. Placental hormones and insulin resistance during pregnancy

The placenta undoubtedly plays a critical role in the development of gestational 
insulin resistance, as it is supported by the fact that glucose homeostasis rapidly restores 
after the placental expulsion at delivery [2]. The placenta secretes a series of pregnancy-
specific hormones called “placental hormones” (e.g., human chorionic gonadotropin 
(hCG), human placental lactogen (hPL), and human placental growth hormone (hPGH) 
into the maternal circulation. These hormones and other hormones (e.g., prolactin) are 
believed to represent a major factor in reprogramming maternal physiology to achieve an 
insulin-resistant state [4]. Particularly in mid and late pregnancy, there is a substantial 
rise in insulin resistance that may be secondary to the marked increase in the production 
of such hormones [5, 6].

In normal pregnancy, the short half-life of many of the placental hormones in 
the maternal circulation and the weakening of their effects within 24–48 hours after 
delivery (accompanied by the reversal of insulin resistance) support the role of these 
hormones in the development of gestational insulin resistance [7, 8]. Interestingly, 
this also explains why mothers with type 1 diabetes mellitus (T1DM) experience a 
rapid decline in insulin requirements (toward pre-pregnancy levels) 1 or 2 days after 
delivery [2, 9]. Moreover, the circulating concentrations of other non-pregnancy-
specific hormones (e.g., prolactin, progesterone, estradiol, and cortisol) increase sig-
nificantly during pregnancy. The increasing amounts of progesterone, cortisol, and 
prolactin may also contribute to the post-binding defect in insulin action observed 
during pregnancy [6, 10]. However, no single hormone has been found to completely 
account for gestational insulin resistance [2].

In addition, some placental hormones can also influence other canonical hormonal 
axes in light of their structural similarity to hormones found in the nonpregnant state 
[2]. For instance, circulating concentrations of hPGH (which differs from pituitary 
growth hormone by 13 amino acids) increase six- to eightfold during gestation. Thus, 
hPGH gradually replaces the function of the pituitary growth hormone (GH) during 
pregnancy [4, 11]. Unlike GH, hPGH is secreted tonically rather than in a pulsatile 
fashion [2, 12]. This results in maternal serum levels of hPGH comparable to circulat-
ing levels observed in acromegaly (e.g., 10 times higher than GH outside pregnancy). 
Hence, hPGH may exert the same diabetogenic effects of the pituitary GH, result-
ing in insulin resistance and hyperinsulinemia, reduced insulin-stimulated glucose 
uptake and glycogenesis, and impaired insulin-mediated suppression of hepatic 
glucose production [2, 13]. Accordingly, transgenic mice overexpressing hPGH to 
levels comparable to those observed in the third trimester of pregnancy exhibit severe 
peripheral insulin resistance [14]. Concerning the molecular mechanisms behind 
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insulin resistance in skeletal muscle in response to elevated hPGH values, it has been 
shown that hPGH increases the expression of the p85α subunit of phosphatidylinosi-
tol 3-kinase (PI3K) in skeletal muscle [4]. In turn, the increase in the p85α subunit of 
PI3K acts as a dominant-negative competitor to forming a PI3K heterodimer with the 
p110 subunit, thus inhibiting the PI3K activity and attenuating the insulin signaling 
downstream [4, 15]. Conversely, data on the potential role of hPL and hCG in the 
pathophysiology of gestational insulin resistance are less univocal [4, 10, 16].

3. Other factors linked to insulin resistance during pregnancy

Apart from increased secretion of placental hormones and non-pregnancy-spe-
cific hormones, other factors have been linked to the pathophysiology of gestational 
insulin resistance. In this regard, the potential relationship between the placenta and 
insulin resistance has been suggested to be mediated via the secretion of different 
pro-inflammatory cytokines and adipokines and/or via the release of other substances 
from the placenta into the maternal circulation [2, 4]. Obesity and other pregnancy-
related factors (e.g., exosomes secreted from both the placenta and adipose tissue, 
specific genetic polymorphisms, epigenetic factors, pregnancy-related increase in 
visceral adiposity, and altered gut microbiota composition) can further explain the 
changes observed in insulin sensitivity throughout pregnancy [4, 17–19].

3.1 Obesity and gestational insulin resistance

Obesity represents a growing public health problem that is increasingly affecting 
women of childbearing age and pregnant women. More than half of all pregnant 
women in the United States are considered obese, with 8% being extremely obese [20]. 
Obese pregnant women are likely to experience several complications during preg-
nancy, as they exhibit a higher risk for GDM, hypertension, and preeclampsia [21].

Increases in maternal fat mass (seen in both lean and obese pregnant women) and 
obesity play a central role in the development of insulin resistance during pregnancy 
[22]. As a consequence of increased insulin resistance, lipid metabolism is also affected 
during pregnancy; it is characterized by a two- or threefold increase in triglyceride 
and cholesterol concentrations in late gestation [2]. The impaired insulin-mediated 
suppression of lipolysis (secondary to insulin resistance) also leads to a substantial 
increase in circulating values of free fatty acids (FFAs) [2, 23], which can result in 
lipotoxicity, inflammation, endothelial dysfunction, reduced trophoblast invasion, 
and consequently reduced placental metabolism and function, particularly in obese 
women who are more prone to central fat accumulation (central obesity) [24].

Insulin resistance during pregnancy can be particularly exacerbated in the 
presence of preexisting or concomitant conditions (including diabetes, obesity, 
and physical inactivity), thus posing serious clinical implications for pregnancy 
outcomes and long-term morbidity for the mother and offspring [2]. For instance, 
obese women exhibit increased insulin resistance and increased insulin response, 
as well as higher circulating inflammatory cytokine values compared with non-
obese women both before and during pregnancy. The aberrant increase in insulin 
resistance secondary to maternal obesity leads to a parallel increase in the risk of 
developing metabolic syndrome-like disorders during pregnancy, such as hyperten-
sion, coagulation disorders, hyperlipidemia, glucose intolerance, and GDM [25]. 
Importantly, an exuberant increase in gestational insulin resistance can also lead 
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to a surplus of lipids and glucose, resulting in fetal overnutrition and subsequent 
increased risk of metabolic disease later in life [13]. In this regard, excess nutrient 
supply, suboptimal in utero metabolic environment, and alterations in placental 
gene expression, inflammation and metabolism may also induce metabolic dysfunc-
tions in the offspring, thus generating a vicious cycle of transgenerational obesity 
and diabetes [24, 26].

4.  Glucose homeostasis and changes in insulin sensitivity during 
pregnancy

Fetal growth and development depend on multidirectional interactions between 
the mother, the placenta, and the fetus (maternal-placental-fetal triad). In the 
context of glucose homeostasis, proper maternal metabolic adaptations are needed to 
ensure nutrient stores for the fetus and to meet the maternal nutrient requirements. 
Adequate glucose regulation is essential for guaranteeing maternal and fetal health 
during the three pregnancy trimesters. In this regard, pregnancy is characterized 
by two distinct physiologic phases, namely: i) an early anabolic phase, which takes 
place during the early gestational period (specifically, during the first and second 
pregnancy trimesters) when there is an increase in nutrient storage and deposition 
of lipids in maternal tissues; ii) a late catabolic phase, which occurs during the third 
trimester and is characterized by a marked reduction in insulin sensitivity (insulin 
resistance) and by enhanced adipose tissue lipolysis [27]. Insulin resistance changes 
over time during gestation, increasing substantially in the last half of the pregnancy 
and becoming severe in women with maternal diabetes [2].

During the anabolic phase, the mother stores nutrients to meet the maternal, 
fetal, and placental energy demands of the future catabolic phase (late gestation) and 
lactation [27, 28]. In particular, the early stages of pregnancy are characterized by 
increased beta-cell insulin secretion, while insulin sensitivity may decrease, increase, 
or even remain unchanged during this period [4, 29]. Following the mid stages of 
pregnancy, fetal glucose requirements start to increase, prompting the placenta to 
produce hormones (such as hPGH, hPL, and prolactin) that increase maternal insulin 
resistance and hepatic glucose production in the effort to preserve the maternal to 
fetal glucose gradient [30, 31]. In late gestation, maternal metabolism shifts to a 
catabolic state. This catabolic state results in augmented insulin resistance, enhanced 
lipolysis (due to reduced insulin-mediated suppression of lipolysis), increased hepatic 
glucose production, reduced maternal adipose tissue depots, and increased postpran-
dial FFA levels. Overall, there is a reduction of insulin-mediated peripheral glucose 
disposal (by 40–60% compared with pre-pregnancy levels), which is aimed to allow a 
greater glucose transport across the placenta [30].

In late gestation, insulin action is particularly decreased in skeletal muscle. As the 
number of insulin receptors on the skeletal muscle cell surface remains unchanged 
during the entire pregnancy, the reduced insulin sensitivity is considered to be due to 
a post-receptor defect in insulin signaling cascade causing a consequential decreased 
ability of insulin to promote glucose transporter 4 (GLUT4) translocation from the 
cytoplasm to the myocyte surface and to mediate the subsequent glucose uptake in 
muscle cells [23]. In pregnant women with normal glucose tolerance, reversal of 
insulin resistance postpartum is accompanied by enhanced skeletal muscle insulin 
signaling due to increased expression of skeletal muscle insulin receptor substrate 1 
(IRS-1) and downregulation of the p85α subunit of PI3K [32]. These changes allow for 
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greater p85/p110 binding to IRS-1 and play a major role in the metabolic adaptation to 
normal human pregnancy and restoration of insulin sensitivity postpartum [32]. The 
p85 regulatory unit of PI3K is a key effector enzyme for stimulating glucose uptake in 
insulin-sensitive tissues. PI3K is composed of the p85 regulatory unit and a catalytic 
subunit called p110, which need to form a p85-p110 heterodimer and bind to IRS-1 for 
PI3K activation. Under the action of hPGH, the p85 monomer is selectively overex-
pressed and competes with the active p85-p110 heterodimer in a dominant-negative 
fashion for binding to IRS-1, thus decreasing the IRS-1-associated PI3K activity [13]. 
In turn, this reduction in PI3K activity results in the attenuation of the final step of 
the insulin signaling pathway, namely in the reduction of GLUT4 translocation from 
the cytoplasm to the plasma membrane [13].

4.1  Placental glucose transport and physiologic beta-cell adaptation to gestational 
insulin resistance

The rate of glucose transfer across the human placenta is directly proportional 
to the maternal-fetal glucose gradient up to maternal glucose concentrations that 
are well above the physiologic range [33]. As the fetus has very little capacity for 
gluconeogenesis, maternal glucose represents the main energy source for the 
placenta and the fetus. Maternal glucose is crucial for normal fetal metabolism and 
growth [34, 35].

However, passive diffusion of glucose across the placenta is insufficient to meet 
fetal glucose needs. Thus, facilitated diffusion using a variety of glucose transport-
ers is required for this purpose. Glucose transporters (GLUTs) are members of the 
GLUT gene family of facilitated-diffusion transporters. They are embedded in the 
microvillous (maternal-facing) and basal (fetal-facing) membranes of the syncytio-
trophoblast, which is the main placental barrier layer [36]. While eight members of the 
GLUT family have been described in human placental tissue, only glucose transporter 
1 (GLUT1) protein has been identified in the syncytium. Basal membrane GLUT1 
expression is upregulated over pregnancy, increased in diabetic pregnancy, and 
reduced in chronic hypoxia, while microvillous membrane GLUT1 expression remains 
unaffected [36]. It has been reported that transporter saturation in the perfused 
placenta occurs with glucose concentrations above 20 mmol/L (360 mg/dL) [37].

As we previously mentioned, there is a coexisting balance between physiologic 
insulin resistance and an adaptive increase in beta-cell insulin production during 
pregnancy. In early pregnancy, the endocrine pancreas anticipates the increase in 
insulin resistance that occurs late in pregnancy through an early increase in beta-cell 
insulin secretion. As peripheral tissues become progressively more resistant to insulin 
during normal pregnancy, maternal euglycemia is maintained through a 200–250% 
compensatory increase in maternal pancreatic insulin secretion [4].

This adaptive increase in insulin secretion may occur through different mecha-
nisms. Lowering the threshold for glucose-stimulated insulin secretion (increased 
beta-cell glucose sensitivity) is the primary mechanism of the adaptation of pancre-
atic islets to the increased demand for insulin under normal blood glucose concentra-
tions during pregnancy [38]. In addition, there is an increase in beta-cell mass that 
occurs via beta-cell hyperplasia and hypertrophy processes and via upregulation of 
insulin synthesis and secretion [39–41]. Placental lactogens have also been suggested 
to play an important role in beta-cell adaptation during pregnancy, as these hormones 
increase beta-cell insulin secretion and beta-cell proliferation and survival, and lower 
the threshold for glucose-stimulated insulin secretion [42].
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Interestingly, a pregnancy-induced increase in C-peptide concentrations (associ-
ated with improved metabolic control during pregnancy) has also been demonstrated 
in women with long-term T1DM, even in women with undetectable C-peptide 
concentrations in early pregnancy [43]. This phenomenon may be related to differ-
ent factors, such as: i) pregnancy-induced growth promoting factors influencing the 
rejuvenation of the beta cells; ii) suppression of the immune system; and iii) improve-
ment in metabolic control leading to reduced beta-cell glucotoxicity [44, 45].

5.  Defective beta-cell adaptation during pregnancy and gestational 
diabetes mellitus (GDM)

Gestational Diabetes Mellitus (GDM) is defined as glucose intolerance of vari-
ous degrees with onset or first recognition during pregnancy, which is not clearly 
preexisting diabetes [46]. GDM is one of the most common pregnancy complications, 
affecting around 2–10% of pregnancies in the United States [47]. GDM is believed 
to result from pancreatic beta-cell dysfunction in women with preexisting insulin 
resistance [48]. In particular, defects in beta-cell adaptive mechanisms (through 
which pancreatic islets adapt to the increased gestational insulin demand) lead to 
the development of GDM. Compared with women with normal glucose tolerance, 
women who develop GDM undergo a similar degree of reduction in insulin sensitivity 
and insulin-mediated whole-body glucose disposal with advancing pregnancy (about 
50% reduction) [4]. However, women with GDM fail to overcome peripheral insulin 
resistance with a proper compensatory increase in endogenous insulin secretion [22].

The reduction in insulin receptor tyrosine kinase phosphorylation and receptor 
tyrosine kinase activity is observed in pregnant women with normal glucose toler-
ance and in women with GDM. Yet, the latter group does not exhibit a significant 
improvement in insulin resistance postpartum [2, 22]. The altered reversal of insulin 
resistance postpartum in women with previous GDM is likely due to inflammation-
induced impairment of peripheral insulin sensitivity secondary to the action of 
placental hormones and pro-inflammatory cytokines and adipokines (such as leptin, 
adiponectin, tumor necrosis factor alpha (TNF-α), interleukin-6, resistin) affect-
ing the post-receptor insulin signaling pathway [2, 4, 5]. Notably, TNF-α (a pro-
inflammatory cytokine produced from monocytes, macrophages, T-cells, neutrophils, 
fibroblasts, adipocytes, but also from the placenta) has been suggested as a crucial 
driver of insulin resistance in both pregnant women with normal glucose tolerance 
and women with GDM, which acts by inhibiting the insulin receptor tyrosine kinase 
activity via serine phosphorylation of IRS-1 [2, 4, 5, 22, 49]. Additionally, alterations 
in the placental structure may also negatively influence glucose homeostasis during 
pregnancy. Indeed, it has been shown that the placental abnormalities most consis-
tently associated with maternal diabetes are represented by an increased incidence 
of villous immaturity, increased measures of angiogenesis, and increased placental 
weight [50]. Also, comorbidities such as diabetes and obesity may further negatively 
impact the placental function and the insulin signaling in the placental tissue [51]. 
Specific alterations in placental function have been described in the placentas of obese 
women as compared with the placentas of lean women, namely reduced mitochon-
drial respiration and adenosine triphosphate (ATP) generation in trophoblast [52].

Friedman et al. [53] examined rectus abdominis muscle biopsies obtained during 
cesarean section from pregnant women with normal glucose tolerance, pregnant 
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women with GDM, and nonpregnant women undergoing elective surgery (nonpreg-
nant controls). Authors found that insulin resistance to glucose transport during 
pregnancy is associated with a reduction in IRS-1 tyrosine phosphorylation, mainly 
due to decreased expression of IRS-1 protein. Yet, in women with GDM, there was 
also a decrease in tyrosine phosphorylation of the insulin receptor beta-subunit that 
contributed to further decreases in glucose transport activity [53]. Accordingly, Chu 
et al. [54] found that PI3K activity in adipose tissue of patients with GDM was signifi-
cantly decreased to 82.89% compared with the control group and negatively corre-
lated with the HOMA-IR (Homeostatic Model Assessment for Insulin Resistance).

Women with a history of GDM exhibit an increased 35–60% risk of developing 
type 2 diabetes mellitus (T2DM) over 10–20 years after pregnancy [47]. Moreover, 
GDM is associated with an increased risk of fetal complications (macrosomia, 
polyhydramnios, neonatal hypoglycemia, shoulder dystocia, respiratory-distress 
syndrome, increased perinatal mortality) and maternal complications (hypertension, 
preeclampsia, increased risk of cesarean delivery) [47, 55]. One of the most common 
and serious complications of GDM is macrosomia, which arises from maternal hyper-
glycemia. High maternal glucose levels cross the placenta and cause fetal hyperglyce-
mia, which, in turn, stimulates the release of insulin by the fetal beta-cells and causes 
hyperinsulinemia, resulting in subsequent macrosomia (as insulin anabolic properties 
induce an increased growth rate of fetal tissues) [47]. It is worth reminding that 
insulin is present in the fetal pancreas as early as the 10th gestational week and in fetal 
plasma from the 12th gestational week [56–58].

Many risk factors for the development of GDM are similar to those for T2DM. 
These risk factors include overweight and obesity, excessive gestational weight gain, 
advanced maternal age, multiparity, family history of T2DM or GDM, polycystic 
ovary syndrome (PCOS), physical inactivity, GDM in the previous pregnancy, certain 
ethnicities (including Asian ethnicity), a previous macrosomic child, Westernized 
diet, genetic polymorphisms, and intrauterine environment (low or high birth 
weight) [48, 59–65].

Screening for GDM should be performed particularly in at-risk women through 
a 2-hour, 75-g oral glucose tolerance test (OGTT) performed at 24–28 weeks of 
gestation. According to the International Association of Diabetes and Pregnancy 
Study Groups (IADPSG) criteria, the diagnosis of GDM is made if at least one value 
of plasma glucose concentration is equal to or exceeds the thresholds of 92 mg/dL, 
180 mg/dL, and 153 mg/dl (for fasting, 1-hour and 2-hour post-glucose load glucose 
values, respectively) after performing a 75-g OGTT [66]. All patients with any risk 
factor for GDM should receive healthy lifestyle counseling to address modifiable risk 
factors, such as excessive weight gain and physical inactivity, to prevent GDM [67].

Management of established GDM involves lifestyle intervention consisting of diet 
counseling aimed at limiting glycemic excursions and ensuring appropriate weight 
gain (weight control), coupled with self-monitoring of blood glucose (SMBG) and 
promotion of safe and insulin-sensitizing physical activity regimens. Indeed, it is well 
known that physical exercise induces a rapid increase in the rate of glucose uptake in 
the contracting skeletal muscles. This augmented membrane glucose transport capac-
ity is due to the recruitment of GLUT4 transporters to the sarcolemma [68].

Pharmacotherapy is usually started when lifestyle intervention alone fails to lead 
to adequate glucose control in women with GDM. Pharmacological treatment of 
GDM involves the use of oral antidiabetic medications (metformin or glibenclamide) 
or, more frequently, exogenous insulin therapy [69, 70]. Indeed, insulin therapy is 
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considered the first-line pharmacologic therapy for GDM, as insulin does not cross 
the placenta to a significant degree. Fasting hyperglycemia is treated with basal (long-
acting) insulin analogs, while postprandial hyperglycemia is treated with rapid-acting 
(prandial) insulin analogs. Prandial and basal insulin can be used separately or in 
combination, based on the individual glycemic profile [71].

Remarkably, appropriate treatment of GDM has been shown to reduce the risk 
of both maternal and fetal complications of GDM, such as macrosomia, large for 
gestational age newborns, shoulder dystocia, cesarean section, preeclampsia, and 
respiratory distress syndrome [72]. Finally, prevention and adequate management of 
GDM are critical to stop the vicious cycle that increases the risk of developing meta-
bolic dysfunctions such as obesity and diabetes in the offspring [26, 73, 74].

6. Conclusions

Normal pregnancy is physiologically characterized by a progressive increase 
in insulin resistance, which acts as a physiological adaptation aimed to ensure the 
adequate supply of glucose to the rapidly growing fetus. However, an early adaptive 
increase in beta-cell glucose sensitivity and beta-cell insulin secretion ensures the 
maintenance of glucose homeostasis in normal pregnancy. Potential mechanisms 
underlying the gestational insulin resistance include hormonal, placental, and genetic 
or epigenetic factors, as well as the increase in visceral adipose tissue, alterations in 
gut microbiota, and the possible concurrent presence of overweight or obesity. In 
some instances, defects in beta-cell adaptive mechanisms occur, leading to substantial 
exacerbation of insulin resistance and possible development of GDM. A basic knowl-
edge of the physiologic adaptations and the possible dysregulations of glucose homeo-
stasis and insulin sensitivity during pregnancy is critical for identifying women who 
are at risk for maternal and/or fetal metabolic complications and for properly tailor-
ing the prevention and treatment strategies for this population.
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Chapter 5

Dietary Activation of  
AMP-Activated Protein Kinase 
(AMPK) to Treat Insulin Resistance
Barry Sears and Asish K. Saha

Abstract

Lipodystrophy is a rare condition that generates lipotoxicity resulting in significant 
insulin resistance. However, lipodystrophy is only one of many chronic conditions associ-
ated with insulin resistance. Insulin resistance is defined as the impaired ability of insulin 
to activate GLUT4-mediated glucose transport into target cells. The molecular reason for 
the failure of glucose transport is less apparent. Considering the wide range of chronic 
conditions associated with insulin resistance, a new potential understanding of insulin 
resistance in terms of an accumulation of metabolic stressors resulting in the inhibition of 
5′ adenosine monophosphate-activated protein kinase (AMPK) may be warranted. Since 
AMPK is under robust dietary control, nutrition, as opposed to pharmacological strate-
gies, may be more appropriate to activate AMPK to treat insulin resistance in lipodys-
trophy and any condition associated with insulin resistance. The focus of this chapter is 
to outline an AMPK-centric theory of insulin resistance and the combination of defined 
dietary strategies likely to be necessary to activate AMPK to reduce insulin resistance.

Keywords: lipodystrophy, lipotoxicity, insulin resistance, AMPK,  
anti-inflammatory calorie-restricted diets, omega-3 fatty acids, polyphenols

1. Introduction

Although lipodystrophy syndromes are rare and heterogeneous disorders, they are 
characterized by a partial or complete loss of adipose tissue. This loss of adipose tissue 
results in lipotoxicity as body fat infiltrates into organs that are not designed to store 
fat [1]. These organs that are primarily affected are the liver and skeletal muscle. This 
lipotoxicity ultimately leads to insulin resistance that is strongly associated with many 
chronic diseases, including diabetes, cardiovascular disease and neurological disor-
ders [2]. Furthermore, the loss of adipose tissue reduces leptin levels, thus inhibiting 
satiety signaling, resulting in increased appetite. This lack of satiety leads to greater 
calorie intake, increasing the metabolic stress in the organs already affected by lipo-
toxicity. This increased calorie intake leads to a vicious metabolic cycle of increasing 
diet-induced inflammation. This chapter discusses how dietary activation of AMP-
activated protein kinase (AMPK) may attenuate insulin resistance and thus reduce 
the severity of lipodystrophy. The same dietary technology may also be applicable to 
treating a wide variety of other chronic conditions associated with insulin resistance.
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2. Classification of lipodystrophy syndromes

The prevalence of various lipodystrophy syndromes is relatively rare and are 
comprised of a heterogeneous group of disorders. These various syndromes can be 
characterized as (congenital or acquired) generalized or partial lipodystrophies [3–5]. 
Generalized lipodystrophy is characterized by an almost complete loss of subcutane-
ous adipose tissue. This loss of adipose tissue results in low leptin levels leading to a 
significantly increased appetite [6]. Patients with partial lipodystrophy may exhibit 
excess adipose tissue accumulation in other areas of the body. Lipodystrophy syn-
dromes usually manifest with several metabolic abnormalities associated with severe 
insulin resistance that include diabetes mellitus, hypertriglyceridemia, and hepatic 
steatosis which can progress to steatohepatitis.

Acquired lipodystrophy is a frequent side effect of HIV and antiretroviral treat-
ments that can affect the adipose tissue by several mechanisms [7]. Another cause of 
acquired lipodystrophy syndrome results from cancer treatments using irradiation 
especially preceding bone marrow transplants [8].

Finally, localized lipodystrophy is often caused by repeated trauma in the same area, 
such as injections of insulin, corticosteroids, monoclonal antibodies, and antibiotics [9].

3. Lipotoxicity

Regardless of the cause of lipodystrophy, the immediate consequence is an 
increased deposition of fat in tissues that are not designed to store excess fat. 
These tissues include insulin-sensitive tissues such as the liver and skeletal muscle. 
This type of fat is classified as ectopic fat. The result of increased ectopic fat is the 
disruption of the normal metabolism in these tissues. The disturbance of normal 
metabolism by ectopic fat is known as lipotoxicity (or lipid-induced toxicity). When 

Figure 1. 
Lipodystrophy syndromes have been provided critical insights into adipocyte biology and the systemic consequences 
of impaired adipocyte function. In addition, compelling genetic studies have suggested that subtle partial 
lipodystrophy is likely a significant factor in prevalent insulin-resistant type 2 diabetes mellitus. In addition, 
compelling genetic studies have suggested that subtle partial lipodystrophy is likely a significant factor in prevalent 
insulin-resistant type 2 diabetes mellitus.
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lipotoxicity occurs, the ability of these tissues to respond to insulin signaling is 
compromised, resulting in insulin resistance [10]. Insulin resistance can also occur in 
other organs such as the brain, where it inhibits insulin signaling in the hypothala-
mus, that has a crucial role in the regulation of satiety. Insulin resistance in the brain 
can also reduce the neuronal glucose uptake and use for energy production [11].

Lipotoxicity can also occur when the adipose tissue can no longer expand to store 
fat safely, leading to fat disposition in the liver and skeletal muscles [12].

Although obesity and type 2 diabetes mellitus are opposite clinical conditions 
compared to lipodystrophy, they also result in lipotoxicity leading to insulin resistance. 
In the case of obesity and type 2 diabetes mellitus, adipocytes become saturated with 
fat and any additional intake of dietary fat or lipids derived from de novo de novo 
lipogenesis are deposited as ectopic fat in non-adipose tissues. As shown in Figure 1, 
in lipodystrophy, the significant loss of adipose tissue drives any additional dietary fat 
or de novo synthesized fat to be deposited as ectopic fat in non-adipose tissues. More 
recently, compelling genetic studies have suggested that subtle partial lipodystrophy is 
likely to be a major factor in prevalent insulin-resistant type 2 diabetes mellitus [13].

4. Insulin resistance

The concept of insulin resistance was first discussed more than 80 years ago [14]. 
Insulin resistance can be viewed as the inability of insulin to promote the uptake of 
glucose into its target tissues. However, its relationship to a larger group of chronic 
conditions began to be more recognized by the work of Dr. Gerald Reaven [15]. 
Figure 2 shows some of the chronic diseases associated with insulin resistance.

Nonetheless, it is still unclear exactly what causes insulin resistance [16, 17]. 
However, it is known that insulin resistance is also associated with chronic low-level 
inflammation [18–21].

Figure 2. 
Chronic diseases that are associated with insulin resistance.
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4.1 Putative mechanisms of insulin resistance

The most precise measurement of insulin resistance is represented by the 
hyperinsulinemic euglycemic glucose clamp [22]. Less precise, but more easily 
conducted is the use of the HOMA-IR (Homeostatic Model Assessment for Insulin 
Resistance) test requiring the measurement of both fasting insulin and glucose 
levels. Other methods of determining insulin resistance would include elevated 
fasting glucose or elevation in the long-term marker of blood glucose glycated 
hemoglobin (HbA1c).

On the other hand, determining the intracellular mechanisms that are the underly-
ing cause of insulin resistance has proven more challenging. Randle et al. first postu-
lated that insulin resistance might be caused by fatty acids competing with glucose for 
substrate oxidation [23]. Through a series of complicated metabolic steps, the result 
would potentially lead to an increase in circulating glucose levels and decreased glucose 
uptake by the target cells. Another variation of this mechanism of insulin resistance 
was the proposed inhibition of glycogen synthase by free fatty acids [24]. In this 
proposal, insulin resistance occurred primarily in the liver, not in the skeletal muscle.

However, 13C nuclear magnetic resonance spectroscopy experiments seemed to 
refute this hypothesis, suggesting that much of the glucose uptake occurred in the 
skeletal muscle [25]. This result shifted thinking on the mechanism of insulin resis-
tance from a glucose-centric theory to a more lipid-centric view. Another potential 
lipo-centric mechanism has been hypothesized to be the increased production of 
ceramides in the cell. This proposed mechanism would potentially disrupt the AKT 
signaling pathway [26]. This would prevent the translocation of the glucose trans-
porter type 4 (GLUT4) to the cell surface needed to transport extracellular glucose 
into the cell. However, new information on the role of 5′ adenosine monophosphate-
activated protein kinase (AMPK) in insulin resistance represented a swing back to a 
glucose-centric approach [27].

Insulin resistance is also strongly associated with low-level chronic systemic 
inflammation [28]. One clue of the cause of that inflammation emerged when it was 
determined that the tumor necrosis factor alpha (TNF-α), a pro-inflammatory cyto-
kine, was associated with insulin resistance [29, 30]. One potential suggested pathway 
was that TNF-α might inhibit insulin receptor substrate 1 (IRS-1) by phosphorylation 
[31]. Another proposed variation is that IRS-1 inhibition might be induced by free 
fatty acids activating the Toll-like receptor 4 (TLR4) on the cell surface [32]. This 
activation of TLR-4 by free fatty acids would activate NF-κB (nuclear factor kappa B), 
the master gene transcription factor for inflammation. One of the cytokines produced 
by an activated NF-κB is TNF-α. This inflammatory hypothesis was reinforced by 
clinical studies using high-dose aspirin or salsalate to treat type 2 diabetes mellitus 
[33–35] and c-Jun N-terminal Kinase (JNK) inhibitors to treat insulin resistance [36].

Although there is no current consensus on the molecular cause of insulin resis-
tance, it appears to involve a mixture of lipid, glycemic, and inflammatory stressors in 
the cells of insulin-sensitive target tissues. The result is making the cell less efficient in 
taking up glucose from the circulation.

4.2 An alternative mechanism of insulin resistance

As shown in Figure 2, many chronic diseases associated with insulin resistance 
seem to have little direct connection to impairment of the classical insulin signaling 
system mediated by phosphatidylinositol 3-kinase (PI3K). Therefore, an alternative 
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hypothesis explaining insulin resistance may be via insulin-independent mechanisms 
that inhibit AMPK activity. AMPK is the master regulator of metabolism in every 
cell. Therefore, any inhibition of AMPK activity will have significant implications in 
intracellular metabolism, especially in the reduced ability of the GLUT-4 to translo-
cate to the cell surface and to mediate the glucose transport into the cell for its meta-
bolic needs. It is also known that activation of AMPK increases the phosphorylation 
of phosphodiesterase 4 (PDE4) [37]. The phosphorylated PDE4 would then inhibit 
lipolysis in the adipose tissue, thereby decreasing the levels of free fatty acids that 
would induce greater hepatic glucose production [38]. This would provide another 
insulin-independent pathway for the reduction of blood glucose levels.

However, controlling the activities of GLUT-4 and PDE4 represents only a limited 
number of intracellular metabolic processes regulated by AMPK, as shown in Figure 3.

These other metabolic actions of AMPK include stimulation of fatty acid oxidation 
to reduce lipotoxicity and inhibition of NF-κB, which would decrease the production 
of inflammatory cytokines such as TNF-α. Thus, inhibition of AMPK activity can be 
related to many of the glycemic, lipid, and inflammatory stressors associated with 
insulin resistance.

This alternative theory of insulin resistance is reinforced by studies suggesting 
that the mechanism of PPAR-γ agonists such as the thiazolidinediones (TZDs) - that 
are used to treat insulin resistance in patients with type 2 diabetes mellitus - may 
be more due to the activation of AMPK as opposed to the TZDs being ligands of the 
Peroxisome proliferator-activated receptor gamma (PPAR-γ) [39–42].

Figure 3. 
Metabolic effects of AMPK activation. Green arrows on the “spokes” indicate activation, red lines with a bar 
at the end indicate inhibition. Abbreviations: ACC1 and ACC2, acetyl-CoA carboxylase 1 and 2; AMPK, 5′ 
adenosine monophosphate-activated protein kinase (AMPK); APC, antigen presenting cells; Glut4, glucose 
transporter protein4; GS, glycogen synthase; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor 
kappa-B; NOS, nitric oxide synthase; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator 
1-alpha; SREBP-1c, sterol regulatory element-binding protein 1c.
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It is also known that insulin resistance is strongly associated with reduced AMPK 
activity [43–46]. Consequently, metabolic disorders such as obesity, metabolic 
syndrome, type 2 diabetes mellitus, and non-alcoholic fatty liver disease (NAFLD) 
that are strongly associated with insulin resistance, have been directly linked to 
decreased AMPK activity [47–49]. Furthermore, other chronic conditions related to 
increased insulin resistance include hypertension [50], cardiovascular disease [51], 
polycystic ovary syndrome [52], chronic kidney disease [53], various types of cancer 
[54], depression [55], and neurodegenerative diseases such as Alzheimer’s disease and 
Parkinson’s disease [56]. Each of these conditions can be linked to a decrease in the 
activity of AMPK.

Since AMPK activity is under robust dietary control, a promising treatment of 
insulin resistance may be through dietary activation of AMPK [57, 58]. If feasible, 
such dietary activation of AMPK would increase the transport of GLUT-4 to the cell 
surface to bring glucose into the cell independent of insulin signaling. In addition, 
activating AMPK would reduce the levels of accumulated lipotoxic fat by increasing 
fatty acid beta-oxidation and reducing the production of pro-inflammatory cytokines 
such as TNF-α via its inhibition of NF-κB activity [59, 60].

Thus, inhibition of AMPK activity could explain many of the clinical mani-
festations of insulin resistance without invoking the events at the insulin receptor 
and its downstream signaling pathways as the focal point of the phenomenon of 
insulin resistance. It would also explain why calorie restriction and exercise are 
so helpful in reducing insulin resistance because of their direct effects on AMPK 
activation.

4.3 Drug treatments of insulin resistance

While lipodystrophy is rare, two other metabolic conditions (obesity and type 2 
diabetes mellitus) associated with insulin resistance are far more common.

Obesity and type 2 diabetes mellitus initially appear to present a clinical paradox 
in that they are characterized by excess accumulation of stored fat in the adipose tis-
sue. In contrast, lipodystrophy is a consequence of the loss of adipose tissue [61].

However, all three conditions are characterized by ectopic fat. In the case of 
lipodystrophy, the accumulation of ectopic fat is caused by a lack of adipose tissue. 
In contrast, in obesity and type 2 diabetes mellitus, the proliferation of ectopic fat is 
caused by the inability of the existing adipocytes to store additional fat. Thus, reduc-
tion of excess body fat for the treatment of obesity and type 2 diabetes mellitus should 
be expected with increased AMPK activity. Biopsies of adipose tissue before and after 
gastric bypass surgery or significant weight loss confirm that the levels of AMPK in 
the adipose tissue rise significantly [62, 63].

The role of AMPK in reducing insulin resistance in type 2 diabetes mellitus 
is further suggested because most of the drugs used to treat diabetes operate 
through activation of the AMPK pathway. These drugs include metformin 
[64, 65], sodium-glucose cotransporter-2 (SGLT2) inhibitors [66], dipeptidyl 
peptidase-4 (DPP-4) inhibitors [67] and glucagon-like peptide-1 (GLP-1) recep-
tor agonists [68].

Therefore, a highly structured dietary program that can significantly activate 
AMPK should be useful in treating insulin resistance, whether it is associated with 
loss of adipose tissue (i.e., lipodystrophy) or with a reduced capacity of storing excess 
fat in the adipose tissue (i.e., obesity and type 2 diabetes mellitus).
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5. Dietary activation of AMPK

Dietary activation of intracellular signaling pathways is more complex than 
pharmacology, but it has the advantage of having a far greater therapeutic index. It is 
more complicated because it usually requires multiple points of dietary intervention 
to sufficiently activate AMPK and thus greater patient compliance [57, 58]. In essence, 
there is no single ideal nutrient to optimally activate AMPK to the extent necessary 
to reduce severe insulin resistance. On the other hand, when using multiple dietary 
interventions, there is no need to use excessive levels of any single dietary interven-
tion, thereby ensuring an exceptionally high therapeutic index for a dietary program 
that is likely to be required for a lifetime.

Three specific dietary interventions have the most significant impact on the 
activation of AMPK: (a) an anti-inflammatory calorie-restricted diet, (b) omega-3 
polyunsaturated fatty acids (omega-3 PUFAs), and (c) polyphenols. Although each 
dietary intervention operates through different mechanisms to enhance AMPK activ-
ity, they have significant synergistic interactions [57, 58].

5.1 Anti-inflammatory, calorie-restricted diets

The description of an anti-inflammatory calorie-restricted diet must be highly 
defined, making it possible to be replicated in controlled clinical studies. This defini-
tion includes the total reduction of calories and the macronutrient composition that 
will increase satiety.

As confirmed by tissue biopsies, calorie restriction remains the most validated 
approach to activate AMPK [69]. On the other hand, it is usually the most difficult 
dietary intervention to enhance AMPK activity because it requires dietary compliance. 
Calorie restriction ideally aims to reduce total calorie intake by 25% of the recom-
mended daily calories needed for current weight maintenance. However, the CALERIE 
(Comprehensive Assessment of Long-Term Effects of Reducing Intake of Energy) 
study demonstrated that trying to achieve a 25% reduction by simply reducing calo-
ries in young non-obese subjects without adjusting macronutrient ratios of the diet 
resulted in less than half that calorie restriction guideline being achieved. Nonetheless, 
significant clinical benefits were observed in the subjects during a 2-year study [70].

Simply restricting total calorie intake ignores the importance of the macronutrient 
balance of the remaining calories to prevent hormonal disturbances that can lead to 
increased hunger, loss of lean body mass, and increased inflammation. Protein is the 
primary macronutrient that needs to be maintained in any type of calorie restriction 
diet. This macronutrient is essential for improved hunger control and maintenance 
of muscle mass during calorie restriction. Thus, a calorie-restricted diet should 
provide about 90 grams of protein per day for an average woman and about 110 
grams of protein per day for an average male. Furthermore, this daily protein intake 
should be evenly spread uniformly throughout the day. This requirement is because 
the hormonal changes induced by any meal will last only 5 hours before returning to 
baseline [71]. It has been demonstrated that increased protein intake is also essential 
to maintain glucagon levels between meals that will help stabilize blood glucose 
levels, thereby reducing hunger [71]. Another reason is that adequate protein intake is 
critical for dietary compliance because it enhances the release of gut satiety hormones 
such as peptide YY (PYY) and GLP-1, further reducing appetite [72]. Thus, consum-
ing adequate protein content at every meal will significantly reduce hunger making 
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long-term calorie restriction more feasible, especially in those individuals with exist-
ing insulin resistance [73]. This concept is known as “protein leveraging” [74].

Reducing inflammation requires relatively consistent control of the protein-to-
carbohydrate ratio. Regardless of the amount of protein at a meal, it must be balanced 
by an appropriate level of low-glycemic load carbohydrates to maintain a balance of 
insulin-to-glucagon in the blood between meals [71, 75]. This balance of insulin to 
glucagon is also critical in controlling the desaturase enzymes that convert omega-6 
fatty acids into arachidonic acid (AA) [76]. Insulin increases the activity of these 
enzymes, whereas glucagon decreases their activity. Reducing the formation of AA 
diminishes the potential generation of pro-inflammatory eicosanoids, as AA is the 
precursor of these eicosanoids. Furthermore, a lower glycemic index of the carbo-
hydrates used at a meal is associated with a lower level of insulin secretion and with 
reduced AA formation. In addition, low-glycemic index carbohydrates tend to be rich 
in fermentable fiber that increases the signaling intensity of PYY and GLP-1 from the 
gut to the appetite control centers in the hypothalamus [77].

Finally, one must consider the total fat content of an anti-inflammatory 
calorie-restricted diet. First, the fat content should be low because the goal is to 
activate AMPK to increase the oxidation of existing ectopic fat. Therefore, any 
excess intake of dietary fat would slow the process. Furthermore, both omega-6 
fatty acids and saturated fats can be regarded as pro-inflammatory fats; hence 
their level should be significantly reduced. The molecular reason is that the 
omega-6 fatty acids are building blocks necessary for generating eicosanoids, and 
saturated fats (primarily palmitic acid) can interact with the Toll-like receptor 
4 (TLR-4) to activate NF-κB, which will increase the synthesis of cytokines and 
pro-inflammatory eicosanoids via up-regulation of cyclooxygenase-2 (COX-2) 
[78]. Therefore, most of the limited fat content of an anti-inflammatory diet 
should come from monounsaturated fatty acids.

Thus, the definition of an anti-inflammatory calorie-restricted diet becomes 
decreasing calorie intake by least 500 calories per day below the level estimated to 
maintain current body weight yet providing adequate protein to maintain lean muscle 
mass and glucagon levels. That amount of protein is balanced with moderate levels 
of low-glycemic-load carbohydrates (primarily non-starchy vegetables and limited 
amounts of fruits). A good starting point for developing the appropriate micronutri-
ent balance of a calorie-restricted anti-inflammatory diet would be about one-third 
more low-glycemic index carbohydrates to low-fat protein at each meal. Finally, such 
a diet is low in total fat (especially omega-6 fatty acids and saturated fats) but high in 
fermentable fiber. Such a diet was first proposed in 1995 [75]. Numerous clinical trials 
over the years have supported the use of such a defined diet, especially in the treat-
ment of type 2 diabetes mellitus [79–88].

The question is, how long can such a calorie-restricted anti-inflammatory diet be 
maintained? The answer is potentially indefinitely. The resulting lack of hunger is due 
to a combination of increased satiety, better control of blood glucose levels to prevent 
hypoglycemia between meals, and reduced inflammation in the satiety control centers 
in the hypothalamus. Finally, much of the success in maintaining satiety is based on 
maintaining a balance of protein-to-glycemic load ratio at each meal [71].

Because a calorie-restricted anti-inflammatory diet is based on protein needs, 
determining the daily protein requirements for an individual is critical for success. 
Since the goal is to lose ectopic body fat, but not muscle mass, the subject must 
consume adequate protein to maintain their existing lean body mass. However, daily 
protein requirements are not determined by weight, but by lean body mass since total 
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fat mass requires little incoming dietary protein to maintain its biological functions. 
To determine lean body mass requires determining the total body fat content and then 
subtracting it from the current body weight. Techniques such bioelectrical impedance 
analysis (BIA) or dual X-ray absorptiometry (DXA) can accurately determine both 
compartments [89]. Slightly less accurate measurements can be done by measurement 
at various body positions. Individuals with a body mass index (BMI) of about 25 Kg/
m2 have nearly one-third of their total weight as body fat [90]. Since females will have 
a higher percentage of body fat than males at the equivalent BMI, they have a lower 
lean body mass and a lower dietary protein requirement to maintain their lean body 
mass. Although an individual with lipodystrophy will have much lower total body 
fat levels, the calculation is still the same. Therefore, a good starting point for daily 
protein requirements for males and females is approximately 1.2 grams of protein per 
Kg of lean body mass.

Once the protein levels are established based on lean body mass, the levels of 
carbohydrates and fat needed to fulfill the requirements of the anti-inflammatory 
component of the calorie-restricted diet are automatically determined. Typically, 
this diet would be approximately 40 percent of the total carbohydrates coming from 
low-glycemic index carbohydrates (primarily non-starchy vegetables and limited 
fruits), 30 percent of the total protein consisting of low-fat protein, and 30 percent 
of total fat mainly composed of monounsaturated fat sources such as nuts, olive oil, 
or avocados. This percentage of macronutrients would provide 90 grams of protein, 
120 grams of low-glycemic index carbohydrates, and 40 grams of fat for an average 
female consuming 1200 calories per day or 110 grams of low-fat protein, 150 grams 
of low-glycemic index carbohydrates, and 50 grams of fat for an average male con-
suming 1500 calories per day. In addition, since most dietary carbohydrates come 
from low-glycemic sources, this diet would also be rich in fermentable fiber. Thus, 
an anti-inflammatory calorie-restricted diet is adequate in protein, moderate in 
carbohydrates, and low in fat but high in fermentable fiber. Although the levels of car-
bohydrates are considered moderate in terms of grams, one would need to consume 
approximately eight servings of non-starchy vegetables and two servings of fruit per 
day to reach those carbohydrate levels.

However, there are also dietary inhibitors of AMPK. The first of these dietary 
inhibitors is excess calories. Any calorie-restricted diet makes up for the decreased 
intake of incoming calories for metabolic needs by the increased oxidation of stored 
fat. The efficacy of the oxidation of stored fat is ultimately controlled by AMPK activ-
ity [91]. Therefore, as one takes in more calories than described above, AMPK activity 
will decrease, and the oxidation of stored body fat will slow down.

Eventually, there may be a point in time at which excess body fat has been suf-
ficiently reduced. This state is usually indicated by the beginning of the physical 
appearance of the abdominal muscles that are generally covered by a layer of excess 
fat. The beginning of the physical appearance of one’s abdominal muscles roughly 
corresponds to a body fat percentage of approximately 22 percent for females and 15 
percent for males. These levels of body fat are consistent with being metabolically fit, 
as stated by the American Council on Exercise. Therefore, if any further body fat loss 
occurs, one simply adds more non-inflammatory monounsaturated fat to the base 
calorie-restricted diet until the abdominal muscles are barely perceptible, indicating 
that the body has an adequate level of stored body fat.

The second dietary inhibitor of AMPK activity would be excess glucose intake. 
AMPK is also a glucose sensor [92]. Thus, as glucose intake increases, AMPK activity 
will slow down.
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Finally, it has been demonstrated that excess leucine can inhibit AMPK activity in 
isolated rat skeletal muscle [93]. This inhibition of AMPK by leucine appears to be asso-
ciated with an increase in lactate/pyruvate ratio and can be overcome by using the phar-
macological AMPK agonist 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside 
(AICAR).

5.2 Omega-3 fatty acids

The use of an anti-inflammatory calorie-restricted diet is only one of several 
specific dietary interventions to enhance AMPK activity. Although helpful in 
reducing inflammation, the described anti-inflammatory calorie-restricted diet is 
not very useful for the complete resolution of residual inflammation. The primary 
dietary component to reach this goal is adequate intake of long-chain omega-3 fatty 
acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). EPA 
and DHA are the building blocks for a powerful group of lipid mediators known as 
specialized pro-resolving mediators (SPMs). These lipid mediators are critical for the 
resolution of inflammation and stimulating the activity of AMPK by their interaction 
with specific receptors [94–96]. Therefore, combining adequate omega-3 fatty acids 
with a calorie-restricted anti-inflammatory diet is synergistic for AMPK activation. 
A typical starting dosage for omega-3 fatty acids would be 2–3 grams of EPA and 
DHA per day to make adequate levels of SPMs. For comparison, the average American 
consumes approximately 100 mg of EPA and DHA per day [57]. Therefore, it is likely 
that supplementation of omega-3 fatty acids would be needed to activate AMPK.

5.3 Polyphenols

Polyphenols are a class of compounds found in many plant foods that includes 
flavonoids, phenolic acids, lignans, and stilbenes. Regularly consuming polyphenols 
is thought to boost digestion and brain health, as well as protect against heart disease, 
type 2 diabetes mellitus, and even certain cancers [97].

Polyphenols provide a distinct third dietary pathway to activate AMPK [98]. 
Whereas calorie restriction activates AMPK by energy restriction and omega-3 fatty 
acids activate AMPK by producing SPMs, polyphenols indirectly activate AMPK by 
interacting with various sirtuin (SIRT) enzymes. SIRTs are deacetylating enzymes 
that are activated by polyphenols. Once activated by polyphenols, SIRT1 can facilitate 

Figure 4. 
Crosstalk between SIRT and AMPK. Any decrease in the cell’s energy state measured by an increased AMP/ATP 
ratio will activate AMPK. This activation of AMPK increases NAMPT activity that produces NAD+ required 
for SIRT deacetylation activity. SIRT then deacetylates LKB1, which activates AMPK. Abbreviations: AMP, 
5′-adenosine monophosphate; AMPK, 5′ adenosine monophosphate-activated protein kinase; ATP, adenosine-5′-
triphosphate; LKB1, liver kinase B1; NAMPT, nicotinamide phosphoribosyltransferase; SIRT, Sirtuins.
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the deacetylation of an upstream kinase, liver kinase B1 (LKBT1), promoting the 
activation of AMPK that increases fatty acid oxidation [99]. An additional benefit is 
that once AMPK is activated, it will also increase the synthesis of the enzyme nico-
tinamide phosphoribosyltransferase (NAMPT) to accelerate the salvage pathway to 
replenish nicotinamide adenine dinucleotide (NAD+), which is required for continued 
deacetylation mediated by the SIRT enzymes [100]. This cycle is shown in Figure 4.

By increasing NAD+ levels, the SIRT enzymes can maintain the deacetylation of 
the p65 Lys310 protein that maintains NF-κB in an inactive state in the cytoplasm, 
preventing its entry into the nucleus and reducing the synthesis of cytokines and 
COX-2 enzymes as inflammatory mediators [101].

Another benefit of polyphenol-induced AMPK activation is the increase in the 
activity of the gene transcription factor nuclear factor erythroid 2-related factor 2 
(Nrf2) that will increase the synthesis of various antioxidant enzymes such gluta-
thione reductase and superoxide dismutase [102]. The increase in these antioxidant 
enzymes will reduce oxidative stress within the cell.

The primary source of dietary polyphenols are fruits and vegetables. 
Unfortunately, most polyphenols in these food sources are usually either water-
insoluble or have polymeric structures. In either case, they will have low bioavail-
ability. However, such polyphenols may be further metabolized into less complex 
phenolic compounds by the microbiome in the gut. These less structurally com-
plex phenolic compounds may have greater bioavailability but less potential for 
stimulating the SIRT enzymes. However, some polyphenols (such as monomeric 
anthocyanins) are directly absorbed and have a more significant impact on activat-
ing the SIRT enzymes [103]. If one is supplementing with a water-soluble extract 
rich in monomeric anthocyanins, a good starting dose would be 450 mg per day. 
Significant reductions in oxidative stress and oxidation of low-density lipoproteins 
(LDLs) are observed at this dose [104].

Thus, there are three separate dietary pathways for AMPK activation, as shown in 
Figure 5.

Figure 5. 
A graphical description of the dietary interventions that can activate AMPK to reduce insulin resistance. 
Abbreviations: AMPK, 5′ adenosine monophosphate-activated protein kinase; SIRT, Sirtuins; SPMs, specialized 
pro-resolving mediators.
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Any one of the three dietary pathways is beneficial, but when all three are being 
used simultaneously, the diet provides a robust but non-toxic methodology to overcome 
AMPK inhibition. Of these three dietary pathways to activate AMPK, calorie restriction 
requires the most dietary discipline, whereas adequate intake of omega-3 fatty acids and 
polyphenols can be easily achieved by supplementation. However, the potential benefits 
of omega-3 fatty acid and polyphenol supplementation will be significantly attenuated 
without adequate calorie restriction since excess calories and glucose are dietary inhibitors 
of AMPK activity. Thus, calorie and glucose restriction become key to ensuring that all 
three dietary interventions can activate AMPK by working synergistically. Furthermore, 
using such a synergistic dietary strategy does not require the potential excess intake of 
omega-3 fatty acids or water-soluble polyphenols to overcome the inhibitory actions of 
increased calorie or glucose intake that would inhibit AMPK activity.

6. Clinical markers of AMPK activation

Treating insulin resistance using dietary inventions to activate AMPK can be 
achieved by reducing the intracellular stress on lipid, glycemic, and inflammatory, 
metabolic responses within the cell. Therefore, the more these three metabolic 
responses are maintained within appropriate ranges, the greater the degree to which 
the AMPK becomes activated.

Since AMPK is constrained to remain in the cell, measuring AMPK activity 
directly without a tissue biopsy is impossible. However, since AMPK is the master 
regulator of metabolism, several surrogate blood markers can be used to determine 
whether the dietary interventions described above are achieving their goals of 
increased intracellular AMPK activity. Such blood markers must be easy to obtain and 
readily interpreted to make any necessary dietary adjustments to fine-tune them to 
the individual. The three clinical markers that meet these criteria are the following:

• Reducing lipid stress: a primary factor in causing insulin resistance is lipid stress. 
The triglyceride to high-density lipoprotein cholesterol (TG/HDL-C) ratio is 
one marker of insulin resistance, especially hepatic insulin resistance [105–112]. 
Ideally, the TG/HDL-C ratio (measured in mg/dL) should be less than 1.

• Reducing inflammatory stress: inflammatory stress is caused by an imbalance in 
the production of eicosanoids and SPMs. Thus, to maintain an optimal balance of 
eicosanoids and SPMs, the AA/EPA ratio should be between 1.5 and 3. Within this 
target AA/EPA range, a significant reduction of various cytokines can be observed 
relatively quickly [113–115]. Unfortunately, Americans’ average AA/EPA ratio 
is greater than 20 [116, 117], indicating an unfavorable balance of eicosanoids to 
SPMs. This imbalance fuels the inflammatory component of insulin resistance.

• Reducing glucotoxicity: the HbA1c level can be used as a long-term marker of glu-
cose control and glucotoxicity. The HbA1c levels should be maintained between 
4.9% and 5.1%, indicating the lack of glucose inhibition of AMPK activity [118].

Only when all three of these three clinical markers are in their proper ranges can 
AMPK activity be considered optimized for an individual.

It should be noted that optimized AMPK activity differs from continuous AMPK 
activity. Metabolism is highly dynamic, allowing the cell to adapt to changing 
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conditions rapidly. This optimization using the above-described blood markers 
enables AMPK to respond to rapidly changing cellular needs for more efficient 
metabolic activity. In other words, optimization of AMPK activity provides meta-
bolic resilience. If AMPK is constantly active, it can become desensitized to changes 
in cellular energy status [119]. Maintaining the surrogate blood markers of AMPK 
activity within these operating limits allows AMPK to retain the necessary metabolic 
resilience required for maintaining cellular homeostasis.

Specific dietary interventions can modulate each surrogate blood marker of 
intracellular AMPK activity. For example, the TG/HDL-C ratio can be significantly 
reduced by following a calorie-restricted diet for 6 weeks [120]. In addition, the 
dietary intake of omega-3 fatty acids strongly influences the AA/EPA ratio in rela-
tively short periods of time [113, 114]. Finally, the dietary intake of polyphenols to 
activate AMPK will significantly reduce HbA1c levels within 3 months in pre-diabetic 
subjects [121]. Furthermore, there is significant crosstalk of the various dietary 
components as they become synergistic in their cumulative actions [58].

7. Clinical examples of dietary modulation of AMPK activity

Numerous clinical examples demonstrate that the individual dietary interventions 
described above are effective in chronic conditions characterized by insulin resistance.

7.1 Anti-inflammatory calorie-restricted diets

Numerous examples of treating type 2 diabetes mellitus with an anti-inflamma-
tory calorie-restricted diet have been described [80, 83, 85–88]. In addition, some of 
the studies range up to 5 years in duration, indicating long-term compliance using an 
anti-inflammatory calorie-restricted diet is possible [84].

7.2 Omega-3 fatty acids

High-dose omega-3 fatty acids have successfully treated NAFLD, which is a common 
complication of severe insulin resistance [122]. It has also been demonstrated that an 
adequate intake of omega-3 fatty acids can cause a statistically significant reduction in 
pro-inflammatory cytokines [113, 114]. The decrease in pro-inflammatory cytokine 
levels is likely the result of increased AMPK activity that would inhibit NF-κB activity.

7.3 Polyphenols

Supplementation with monomeric delphinidins (one class of anthocyanins) has 
been shown to reduce HbA1c in pre-diabetic individuals [121]. This clinical result 
suggests an increase in AMPK activity that would be consistent with the increase in 
GLUT-4 transport to the cell surface. In addition, higher doses of monomeric delphin-
idins also reduce oxidative stress in smokers [104]. This decrease in oxidative stress is 
most likely mediated by increased AMPK activity that would increase Nrf2-mediated 
up-regulation of antioxidant enzymes [102].

These clinical examples used only a single dietary intervention to activate AMPK. 
Thus, it might be reasonably expected that combinations of any two or ideally all 
three dietary interventions described above would have synergistic effects on reduc-
ing insulin resistance.
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8. Treating insulin resistance using systems-based biology

Systems-based biology is based on the interconnected signaling pathways within 
the cell that are required to maintain homeostasis. Furthermore, homeostasis requires 
rapidly switching from anabolic to catabolic states for cell maintenance. Because of 
these complex intracellular signaling relationships, a pharmaceutical intervention 
focused on one pathway may adversely affect other intracellular signaling pathways in 
the same cell, thereby generating significant side effects.

Our working hypothesis is that dietary activation of AMPK can effectively coordi-
nate these intracellular pathways to decrease various metabolic stresses within the cell 
that drive insulin resistance. How AMPK activity is intimately connected to many of 
these diverse signaling pathways is shown in Figure 6.

This figure shows significant cross-signaling between these various metabolic sys-
tems within the cell and potential inhibition or activation of one system by another. In 
some cases, there is mutual activation, such as between AMPK and SIRT or between 
PI3K/AKT (Phosphatidylinositol 3-kinase/protein kinase B), mTOR (mammalian 
target of rapamycin) and NF-κB. In other cases, there can be reciprocal inhibition 
between systems, such as between PI3K/AKT and AMPK. Finally, there can also be 
unidirectional inhibition or activation between various signaling pathways.

AMPK may represent the molecular link between these diverse signaling systems 
and the diet. This control is possible since AMPK is an evolutionarily conserved 
energy sensor that controls metabolism. In essence, AMPK becomes the checkpoint 
for metabolic control that links diet to other intracellular signaling systems.

However, one can only routinely monitor the blood, not the cell’s interior. This inac-
cessibility of direct measurement of AMPK is why constant monitoring of the blood 
markers described above provides an easily obtained insight into AMPK activity. In 

Figure 6. 
Effect of dietary activation of AMPK on various regulatory proteins and gene transcription factors. 
Abbreviations: AMPK, 5′ adenosine monophosphate-activated protein kinase; FOXO, Forkhead box transcription 
factors class O; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa-B; Omega-3 PUFAs, 
Omega-3 polyunsaturated fatty acids; PI3K/AKT, phosphatidylinositol 3-kinase/AKT (protein kinase B); SIRT, 
Sirtuins. Green lines = activation; red lines = inhibition; black lines = mutual activation or mutual inhibition.
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doing so, it may be possible to maintain these other internal cellular signaling pathways 
within their optimal operating parameters that are personalized to the subject.

The goal is to have AMPK able to respond dynamically to changing conditions in 
the cell. For example, there will be times when inflammation must be up-regulated 
but then returned to a quiescent state to maintain homeostasis. This molecular 
resilience requires keeping AMPK activity within discrete operating boundaries 
determined from surrogate markers in the blood. As pointed out above, each of these 
surrogate markers is under robust dietary control.

On the other hand, if AMPK activity is significantly inhibited, this leads to the 
over-expression of pro-inflammatory signaling systems shown in Figure 6. One 
of the linked systems that would increase with a decrease in AMPK activity is rep-
resented by the activation of NF-κB. Increased NF-κB activity is associated with 
increased inflammatory state related to cardiovascular disease [123] and cancer [124]. 
Likewise, reduced activity of AMPK would lead to potentially excessive activity of 
mTOR and PI3K/AKT signaling pathways associated with cancer [125, 126].

How the activity of AMPK acts as the intracellular central hub linking various other 
cellular signaling systems is described in more detail in the following paragraphs.

8.1 NF-κB signaling pathway

One of the primary benefits of activating AMPK is the inhibition of NF-κB, thus 
reducing pro-inflammatory cytokine and eicosanoid formation. The lowering of 
inflammation is achieved through several routes orchestrated by AMPK [60, 127]. One 
pathway is inhibiting NF-κB by the direct activation of AMPK [127]. Another pathway 
is activating sirtuin 1 (SIRT1) by increasing NAD+ levels [128]. AMPK activates the 
rate-limiting enzyme in the NAD+ salvage pathway that provides the necessary NAD+ 
to enable SIRT1 to deacetylate the p65 Lys310 component of NF-κB to prevent its bind-
ing to the cell’s DNA that is required to express inflammatory mediators [129].

Additional AMPK-mediated pathways that inhibit NF-κB activity include the 
activation of the Peroxisome proliferator-activated receptor-gamma coactivator 
1-alpha (PGC-1α) [130] and the phosphorylation of Forkhead box transcription 
factors class O (FOXO) [127].

8.2 mTOR signaling pathway

Activation of AMPK is the primary inhibitor of mTOR. At the molecular level, 
mTOR inhibition is due to phosphorylation of the raptor component of mTORC1 
and TSC2 [131]. In addition, the association of increased SIRT1 activity with mTOR 
inhibition [132] can be induced by the AMPK’s activation of the rate-eliminating 
enzyme of the NAD+ salvage pathway [128]. On the other hand, any increase in AKT 
activity will up-regulate mTOR, which activates NF-κB [133].

8.3 PI3K/AKT signaling pathway

The PI3K/AKT signaling pathway is activated by insulin and results in cellular 
growth activation [134]. If the PI3K/AKT signaling pathway is overactive, this will 
inhibit the activity of AMPK [135, 136]. On the other hand, any increase in AMPK 
activation will inhibit AKT activity [135, 136].

Therefore, the inhibition of AMPK and FOXO activity by AKT can be reduced by 
dietary activation of AMPK. PI3K activity is reduced at the most basic level by lowering 
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blood insulin levels following an anti-inflammatory calorie-restricted diet. The reduc-
tion of PI3K stimulation by insulin leads to decreased activation of AKT. Long-term 
studies using the previously described anti-inflammatory calorie-restricted diet have 
demonstrated success in the long-term management of type 2 diabetes mellitus [81, 84].

8.4 FOXO signaling pathway

The FOXO family of gene transcription factors consist of FOXO1, FOXO3, FOXO4, 
and FOXO6. The FOXO family is vital in controlling cellular senescence, stem cell 
maintenance, and lifespan in animal models [137]. FOXO upregulation can be achieved 
either by phosphorylation via AMPK or deacetylation by SIRT2 [138, 139]. In addition 
to the direct effect of AMPK activation on FOXO, any increase in AMPK activity will 
increase the activity of the rate-limiting enzyme (NAMPT) in the synthesis of NAD+, 
thereby activating SIRT, which also increases FOXO activity [140].

An indirect route to activate FOXO is via the AMPK-induced inhibition of AKT [138]. 
On the other hand, any upregulation of AKT by a deficit in AMPK activity will reduce 
FOXO activity [141–143]. This central role of AMPK in FOXO activation may explain 
why activation of AMPK has been hypothesized to control the aging process [144].

Another inflammatory pathway that can be modulated by AMPK is JAK-STAT 
(Janus kinase-signal transducer and activator of transcription) signaling pathway, 
which mediates cytokine signaling [145].

Considering the complexity of these interactions with cellular signaling mecha-
nisms in the cell, optimizing AMPK activity may have a far greater potential to bring 
a cell back to homeostasis than any current or proposed potential drug therapies. 
Furthermore, the dietary interventions described above have a potential therapeutic 
index that is significantly higher in reducing insulin resistance compared to any drug 
therapy.

9. Conclusions

We hypothesize that the ability to reduce severe insulin resistance caused by lipo-
dystrophy and other conditions associated with insulin resistance may be achieved 
by increasing AMPK activity. Our hypothesis is based on the ability of AMPK to 
modulate internal cellular signaling through systems-based biology. While there is 
no single specific nutrient to optimize the body’s internal capacity to alleviate insulin 
resistance, an appropriate combination of dietary interventions can alter signaling 
pathways that can lead to the molecular goal of increasing AMPK activity.

This concept of requiring a defined variety of multiple dietary interventions 
to achieve the appropriate activation of AMPK is no different from using various 
combinations of chemotherapeutic drugs to treat cancer. However, unlike numerous 
combination drug therapies used for cancer treatment, each dietary intervention 
described earlier can be easily modulated on a personalized basis using the clinical 
markers described earlier.

In conclusion, understanding the complex interaction of highly defined dietary 
interventions that result in the activation of AMPK may provide a new comprehensive 
nutritional strategy to treat insulin resistance induced by lipodystrophy. The same 
dietary technology is also applicable to many other chronic conditions associated 
with insulin resistance. Furthermore, the dietary approach we have outlined can be 
optimized individually using validated blood markers to orchestrate various internal 
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Chapter 6

Cardiac Natriuretic Peptide System: 
A Link between Adipose Tissue, 
Obesity, and Insulin Resistance
Mustafa Öztop

Abstract

Cardiac natriuretic peptides (NPs) play critical roles in body systems, besides 
essentially maintaining cardiovascular homeostasis. White adipose tissue exerts 
functions such as energy storage, hormone secretion, thermal insulation, regulation 
of insulin sensitization, and prevention of traumatic injuries to vital organs. Brown 
adipose tissue is a thermogenic tissue that protects the body from cold environments 
by dissipation of chemical energy derived from fuel substrates as heat. NPs have 
potent regulatory effects on adipose tissues having high expression of NP recep-
tors. Evidence suggests that the NP  system participates in the regulation of adipose 
tissue metabolism during obesity, insulin resistance, and type 2 diabetes. Reduced NP 
synthesis and changed clearance receptor expression may adversely affect NPs’ target 
organ metabolism during obesity, insulin resistance, and type 2 diabetes. Defective 
NP system might lead to adipose tissue dysfunction during obesity, type 2 diabetes, 
insulin resistance, and cardiovascular disease. Improved NP levels have been associ-
ated with positive metabolic outcomes. The positive association between increased 
NP levels and lower incidence of insulin resistance, obesity, and type 2 diabetes 
holds promise for future applications of NPs system in clinical settings. This chapter 
provides an overview of the impact of the NP system on adipose tissue metabolism in 
 cardiometabolic diseases.

Keywords: natriuretic peptide system, adipose tissue, obesity, insulin resistance, type 2 
diabetes, thermogenesis

1. Introduction

Natriuretic peptides are hormones that exert cardiovascular and renal effects. 
Their congenital absence or genetic ablation leads to serious consequences, espe-
cially in the cardiovascular system. Thus, cardiovascular health could be improved 
through genetic and pharmacological manipulation of these natriuretic peptides 
[1]. Although natriuretic peptides are key players in the regulation of cardiovascular 
and renal systems, accumulating evidence shows that they could play pivotal roles 
in counteracting metabolic diseases and conditions such as obesity, type 2 diabetes, 
and insulin resistance that adversely affect human population across the world. One 
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of the most attractive therapeutic approaches to combat obesity and type 2 diabetes 
is the activation of brown adipose tissue that has been rediscovered in adult humans 
in the late 2000s. Stimuli that activate this tissue have been explored in many animal 
models and in humans [2]. Since the discovery of their potent lipolytic effects on 
human adipose tissue in the early 2000s [3, 4], many studies have been focused on 
the effect of natriuretic peptides on glucose and lipid metabolism pathways that 
are altered in obesity and type 2 diabetes [5]. In addition, promising results came 
from the studies on activation of brown adipose tissue. These studies reveal that 
natriuretic peptides might serve as a pathophysiological link between brown adipose 
tissue activation and metabolic diseases. In fact, obesity, type 2 diabetes, and insulin 
resistance may commonly manifest in the same patient, all of which are associated 
with heart failure and development of multiple organ failure due to impaired oxida-
tive metabolism [6]. Therefore, better understanding of the metabolic effects of 
natriuretic peptides on lipid metabolism during obesity and type 2 diabetes would 
pave the way for treatment and prevention of those maladies that are blamed for 
both deaths and impaired quality of life. This chapter provides a general overview of 
natriuretic peptide system and adipose tissue and discusses genetic, physiological, 
and pharmacological evidence of natriuretic peptide system linking adipose tissue to 
obesity and type 2 diabetes.

2. The natriuretic peptide system

2.1 Natriuretic peptides

Natriuretic peptides (NPs) are peptide hormones responsible for maintaining 
cardiovascular homeostasis. Atrial natriuretic peptide (ANP), brain natriuretic 
peptide (BNP), and C-type natriuretic peptide (CNP) constitute the main mam-
malian natriuretic peptide (NP) system [7, 8]. Emerging evidence shows that 
these peptides play critical roles in different systems of the body [9]. ANP, the first 
member of the NP system, is mostly produced and stored in the atrial myocytes, 
and it is released in response to various stimuli such as heart wall stretch and atrial 
distension [10]. The discovery of ANP led to the assumption that the heart was 
formerly an endocrine organ. ANP is first generated as a 152-amino-acid precursor, 
which is subsequently cleaved into its biologically active form by corin, a trans-
membrane serine protease that works as a pro-atrial natriuretic peptide-converting 
enzyme [11]. Initially identified in porcine brain, BNP is the second member of the 
NP system and is also known as a ventricular natriuretic peptide. It is produced as 
a 134-amino-acid precursor before being processed into its biologically active form 
[12, 13]. ProBNP-108 and BNP-32 are the two most physiologically active vari-
ants of BNP. BNP-32 is mostly expressed in the atria, but proBNP-108 is primarily 
expressed in the ventricular myocardium. ProBNP-108 is cleaved by furin, a propro-
tein convertase, to produce BNP-32 and NT (N-Terminal)-BNP-76 [14]. ANP levels 
rise in response to increased atrial pressures, whereas BNP levels rise in response to 
ventricular overload [15]. During congestive heart failure and cardiac hypertrophy, 
both ANP and BNP are substantially expressed by the atrium and ventricle, with 
BNP expression levels being reported to be excessively higher than ANP levels [16, 
17]. Patients affected by hypertension and obesity, on the other hand, were found 
to have low plasma ANP levels [18] due to reduced natriuretic peptide release and 
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increased natriuretic peptide clearance (depending on natriuretic peptide receptor 
C overexpression) [19, 20] and/or due to the activation of the renin-angiotensin-
aldosterone system [21]. CNP, the third member of the NP system, is derived 
from a 126-amino-acid precursor, which is subsequently cleaved by furin into two 
endogenous forms, CNP-53 and CNP-22 [22, 23]. CNP has been found in a variety 
of organs, including the heart, kidney, lung, endothelial cells, bone, and the central 
nervous system, despite its low circulating concentration [24, 25]. CNP is primarily 
involved in vascular homeostasis and has anti-hypertrophic and anti-fibrotic actions 
on cardiac myocytes and fibroblasts, respectively, due to its endothelial origin [26, 
27]. Later on, two new members of the NP system have been discovered. Of those, 
D-type natriuretic peptide (DNP, also known as Dendroaspis natriuretic peptide) is 
a physiologically active peptide molecule of 38 amino acids that was first discovered 
in the venom of the green mamba snake (Dendroaspis angusticeps) [28]. Another 
member of the NP system is urodilatin (URO), which is produced by the distal 
kidney tubules and is considered as a local part of the natriuretic peptide system due 
to its diuretic effects. It was first found as a 32-amino-acid peptide in urine [29–31]. 
Altogether, each endogenous natriuretic peptide is an inseparable component of 
the cardiovascular system [32]. NPs primarily work on the cardiovascular and 
renal systems to maintain water-electrolyte balance and blood pressure. The NP 
system, on the other hand, works to counteract the renin-angiotensin system (RAS) 
hyperactivity, which results in antimitogenic properties and helps to prevent cardiac 
hypertrophy and fibrosis. Overall, the NP system stands as a defense mechanism 
against the damages that hypertension and hypertension-associated diseases might 
cause [32, 33].

2.2 Natriuretic peptide receptors

The NP signals are conveyed by its transmembrane receptors. A transmembrane 
natriuretic peptide receptor A (NPRA) is encoded by the Npr1 gene and has been 
detected in many tissues including the heart, kidneys, and adipose tissue [34]. NPRA 
binds ANP and BNP in a selective manner. Upon binding, NPRA is activated through 
a conformational change in its catalytic domain with intrinsic guanylyl cyclase activ-
ity, which consequently results in the conversion of intracellular guanosine triphos-
phate (GTP) to cyclic guanosine monophosphate (cGMP) [35]. Likewise, natriuretic 
peptide receptor B (NPRB) encoded by the Npr2 gene is also a transmembrane 
receptor [36]. NPRB generates cytoplasmic cGMP from GTP due to intrinsic guany-
lyl cyclase activity once CNP binds to its extracellular domain [37]. Conversely, Npr3 
gene product, natriuretic peptide receptor C (NPRC), is a transmembrane receptor 
lacking guanylyl cyclase activity and rather acts as a clearance receptor [38]. NPRC 
binds all NP ligands (ANP, BNP, and CNP) with similar affinity and sequesters them 
from the circulation, thereby keeping circulating NP levels within the physiologi-
cal ranges [39, 40]. In addition to NPRC signaling pathway, ANP and BNP may be 
cleared from circulation through an alternative pathway catalyzed by neprilysin, a 
protease that is a membrane-bound zinc-dependent metallopeptidase attacking on 
amino terminal end of hydrophobic residues [41, 42]. This pathway is of consider-
able relevance to pathological scenarios such as heart failure that results in increased 
ANP levels [43]. Given the NP catabolic pathways, the rate of NP clearance from 
circulation in humans varies depending on the specific type and effects of such 
peptides [44, 45].
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3. Adipose tissue

3.1 Cell type diversity, morphology, and function

Adipose tissue (AT) is a specialized connective tissue that carries out a diverse 
set of tasks such as energy storage, hormone production, thermal insulation, and 
thermogenesis [46]. AT, corresponding to roughly 5–50% of human body weight [47], 
consists of two basic components: cells and extracellular matrix [48]. AT has abun-
dantly adipocytes (also called adipose cells or fat cells), among which other cell types 
are mesenchymal stem cells, preadipocytes, macrophages, fibroblasts, endothelial 
cells, and smooth muscle cells [46]. AT is a key player in energy storage and consump-
tion. The excess energy is efficiently stored in the form of neutral triglycerides (TGs) 
in the AT via lipogenesis, an anabolic pathway encompassing fatty acid synthesis and 
triglyceride synthesis [49]. On the other hand, when energy consumption is greater 
than its production, the stored energy is rapidly mobilized to bring into use [50]. This 
highlights the fact that AT is a dynamically remodelable tissue responsible for stor-
age and reallocation of lipids in response to cellular energy excess or depletion [51]. 
Furthermore, AT fulfills other physiological tasks and is now regarded as a significant 
endocrine organ.

AT has been divided into two major subclasses: white adipose tissue (WAT) and 
brown adipose tissue (BAT). WAT is responsible for the production of some pro-
inflammatory cytokines and chemokines, including interleukin 6 (IL-6), IL-18 and 
tumor necrosis factor-alpha (TNF-α), that modulate inflammation [48, 52]. In addi-
tion, adipocytes in WAT (white adipocytes) secrete many adipocyte-derived para-
crine and endocrine molecules (collectively called “adipokines”), including leptin and 
adiponectin that regulate energy metabolism [47, 48]. Leptin is regarded as a master 
regulator of energy balance. It controls glucose metabolism and energy expenditure 
and suppresses food intake through binding to the long form of the leptin receptor 
(LEPR) that is highly expressed in brain areas responsible for the control of feeding 
and energy expenditure [53]. However, the leptin’s ability to lower food consumption 
is dependent on the melanocortin-3 receptor (MC3R) in the brain, which regulates 
energy homeostasis [54]. Adiponectin, a well-known homeostatic factor, yields 
insulin sensitivity-promoting effects by inhibiting hepatic glucose production and 
stimulating fatty acid oxidation in skeletal muscles [55]. By turning our focus to WAT 
and BAT below, we give further information about these different types of adipose 
tissue.

3.2 White adipose tissue

In healthy individuals, WAT makes up at least 10% of the total body weight. 
Energy storage, hormone secretion, thermal insulation, regulation of insulin sensitiv-
ity, and prevention of traumatic injuries to vital organs are among its basic tasks [49]. 
Adipocytes in the WAT (white adipocytes) have low mitochondrial abundance and 
store TGs as large intracellular lipid droplets [56]. WAT is mainly subdivided into 
subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) [57]. In humans, 
SAT is mostly found in the gluteal and femoral regions. It may be divided into two 
types: deep SAT and superficial SAT, which differ morphologically and metabolically 
[58]. Deep SAT has been linked to the pathophysiology of obesity-related metabolic 
complications, whereas superficial SAT is more associated with protective roles 
against metabolic derangements [59–61]. Located around the internal organs, VAT 
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exists in pericardial, gonadal, omental, mesenteric, and retroperitoneal storages, and 
protects them from mechanical damage and friction [62]. SAT and VAT show marked 
differences in adipocyte phenotype, gene expression signature, and lipolytic and 
endocrine activities [63].

3.3 Brown adipose tissue

BAT, as a thermogenic tissue, protects the body from cold environments by dis-
sipating chemical energy derived from fuel substrates as heat [64]. Brown adipocytes 
contain many small-sized lipid droplets and copious amounts of mitochondria. They 
express uncoupling protein 1 (UCP1), also called thermogenin, that uncouples the 
electron transfer chain from the ATP synthesis to generate heat [65]. Two types of 
brown adipocytes have been identified. The traditional brown adipocytes are myo-
genic factor 5-positive (Myf5+) cells and are located in the interscapular region in 
rodents [66]. On the other hand, beige adipocytes are Myf5-negative cells interspersed 
among white adipocytes in the inguinal WAT in rodents. Beige cells are also inducible 
or recruitable brown adipocytes in WAT [66]. Therefore, beige adipocytes resemble 
both white adipocytes with regard to their capacity to store energy, and brown adipo-
cytes in terms of their ability to drive thermogenesis [67].

It has long been considered that BAT merely exists in some mammalian species, 
including human newborns, hibernating animals, and rodents [68–70]. However, 
recent studies have shown that BAT is metabolically activated in adult humans upon 
cold exposure [71–73]. Mounting lines of evidence have uncovered the possible 
mechanisms of action of BAT in counteracting obesity and its coexisting diseases in 
humans [74]. Some studies have demonstrated that exposure to different cold regimes 
(e.g., 15–16°C for 6 hours/day for 10 days or 17°C for 2 hours/day for 6 weeks) may 
stimulate human BAT, enhance non-shivering thermogenesis and reduce body fat 
mass [75–81]. However, whether these effects might continue in the long-term period 
(months to years) remain obscure. On the other hand, several studies have revealed 
that subcutaneously placed embryonic BAT could reverse type 1 diabetes-related 
parameters in streptozotocin-treated mice, thus improving glucose homeostasis and 
weight gain and reversing type 1 diabetes independently from insulin [82–85]. The 
extent to which BAT thermogenesis would influence obesity and diabetes relies on the 
quantity of actively recruited BAT [62, 86]. Another study reported that some central 
neural modulators would decrease fat mass and body weight by activating BAT 
thermogenesis and triggering the switch from white adipocytes to brown adipocytes 
in order to burn off excess energy [64].

3.4 Adipose tissue as a cardiovascular system modulator

Considering their anatomical localization, cardiac adipose tissue stores can be 
described as pericardial adipose tissue (PAT) and perivascular adipose tissue (PVAT) 
[86, 87]. The pericardial adipose tissue consists of paracardial adipose tissue and 
epicardial adipose tissue (EAT). EAT is a metabolically active tissue, which provides 
energy supply to myocardium in case of augmented energy demand [88]. Given all 
the adipose tissue reservoirs, EAT utilizes the lipogenesis and lipolysis pathways at the 
highest rate. EAT exerts modulatory effects on the vascular tone and coronary artery 
functions through secretion of molecules such as adipokines and nitric oxide (NO) 
[86]. EAT has been reported to possess brown/beige adipocyte-specific phenotypes in 
hibernators and human adults due to its thermogenic capacity [70, 89].
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PVAT, which is located around veins, arteries, and small vessels [90], plays an 
active role in fine-tuning endothelial function, vascular tone, and vascular remodel-
ing, and represents a dual endocrine-paracrine organ that produces various immu-
nomodulatory and vasoactive molecules, in addition to cytokines and adipokines 
like leptin and adiponectin [91, 92]. PVAT makes up just 0.3% of total adipose tissue 
mass and can contain various numbers of brown, white, and beige adipocytes based 
on its location in the body and despite differences in the predominant cell type. 
Moreover, it has been shown that periaortic adipose tissue at the thoracic region in 
human adults has beige-like characteristics, whilst coronary PVAT exhibits WAT-like 
characteristics [90].

3.5 Dysregulation of adipose tissue in obesity and insulin resistance

Obesity is closely related to impaired insulin sensitivity in the liver, skeletal 
muscles, and white adipose tissue. Obesity-related insulin resistance is one of the 
most prevalent causes of type 2 diabetes mellitus and is directly linked to diverse 
cardiometabolic abnormalities including coronary heart disease, atherosclerosis, 
and hypertension [46, 49, 93]. In response to chronic excessive calorie intake, expan-
sion of adipose tissue through adipocyte hyperplasia (cell number increase) and/or 
hypertrophy (cell size increase) is a major determinant of metabolic dysfunction and 
cardiovascular diseases [49, 94]. Hyperplasia might be regarded as a healthy mecha-
nism of AT expansion. However, hypertrophy could lead to adipocyte dysfunction as 
adipocytes outreach their expansion limits as a result of development of hypoxic con-
ditions, oxidative stress, and pro-inflammatory cytokine release [95]. Thus, the body 
region where excessive adiposity occurs is one of the most crucial factors identifying 
the obesity-related cardiometabolic complications [5].

It has been considered that enlargement of VAT has established a strong link 
between adverse metabolic alterations and increased cardiovascular risk, while 
expansion of SAT makes a minor contribution to these adverse outcomes [49]. The 
“portal hypothesis” may account for one of the possible reasons for this difference. 
The portal hypothesis propounds that visceral fat tissue in obese patients increasingly 
releases free fatty acids (FFAs) and cytokines into the portal vein, resulting in their 
accumulation in the liver. Then, hepatic fat accumulation promotes the development 
of hepatic insulin resistance and type 2 diabetes [96–98]. This condition that increases 
the amount of FFAs transported to the liver via the portal circulation is also linked to 
atherogenic lipid profile and hepatic steatosis [98]. Another possible reason for this 
difference is that VAT is more susceptible to the effects of pro-inflammatory mole-
cules than other adipose tissues, since increased adiposity creates a pro-inflammatory 
milieu. It has been reported that VAT has higher expression and secretion of several 
pro-inflammatory mediators including TNF-α and IL-6, as compared to SAT [99, 
100]. Augmented expression of pro-inflammatory cytokines causes phosphorylation 
of serine/threonine residues of insulin receptor substrate proteins, leading to dis-
sociation of insulin receptor substrate proteins from effector proteins in the insulin 
signaling cascade pathway and resulting in the development of insulin resistance 
[101]. In addition, pro-inflammatory cytokines cause local and systemic inflamma-
tion by triggering recruitment of macrophages and T-lymphocytes to the relevant 
sites [102]. Resident macrophages play a crucial role in the promotion and perpetu-
ation of adipocyte dysregulation and insulin resistance. Furthermore, experimental 
evidence shows that necrotic cell death in adipose tissue over the course of obesity 
might induce the recruitment of pro-inflammatory M1 macrophages, which produce 
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multiple pro-inflammatory cytokines that exacerbate chronic inflammation and insu-
lin resistance [103]. Additionally, it has been shown that anti-inflammatory adiponec-
tin is expressed at a lower level in VAT than in SAT and its circulating concentrations 
are reduced in obese people with augmented visceral fat accumulation [104].

SAT has a restricted potential to expand owing to its poor adipogenesis capability. 
This limited capacity results in adipocyte hypertrophy, promoting the formation of 
fat storages in non-adipose tissues such as in the heart, liver, and skeletal muscles 
[105]. This deleterious mechanism of adipogenesis is also regarded as “lipotoxicity” 
and is linked to the development of systemic insulin resistance and enhanced risk of 
type 2 diabetes. It has been put forward that intrahepatic content of TGs represents 
a more acceptable marker of insulin resistance than VAT [106]. On the other hand, 
PVAT exhibits hyperplastic and hypertrophic characteristics in obesity [107]. It has 
been propounded that “obesity triad” encompassing oxidative stress, inflammation, 
and hypoxia might be the major mechanism responsible for PVAT dysfunction in 
obesity. Adipocyte dysfunction during obesity arises from the “whitening” of PVAT, 
which creates a hypoxic and pro-inflammatory milieu affecting the vasculature [86]. 
Moreover, reduced adiponectin production by PVAT in obesity promotes endothelial 
dysfunction [108]. In this respect, studies using genetically-modified and diet-
induced animal models of obesity revealed that anticontractile properties of PVAT are 
totally lost [49].

Adequate insulin signaling in AT is a crucial factor in the maintenance of systemic 
blood glucose homeostasis, as evidenced by a number of mice models, even though 
skeletal muscle is responsible for the bulk of insulin-stimulated glucose uptake [109]. 
Adipocyte-specific glucose transporter type 4 (GLUT4) knockout in mice affects 
skeletal muscle and liver insulin signaling, which results in glucose intolerance, 
insulin resistance, and hyperinsulinemia [110]. Adipocyte-specific insulin receptor-
knockout mice exhibited basal glucose uptake in a similar fashion, but insulin-
stimulated glucose uptake by adipocytes was considerably lower than in controls. 
These mice had improved systemic glucose tolerance [111]. It is worthy to note that 
this difference might arise from the activation of alternative signaling pathways to 
compensate for the innate lack of adipocyte insulin signaling pathway. A recent study 
on adipocyte-specific insulin receptor (IR) and insulin-like growth factor 1 receptor 
(IGF-1R) knockout (one of these receptors: IRKO, IGF-1RKO or both of them: double 
KO, DKO) mice found that while all KO groups had equivalent or lower fat mass 
than controls, IRKO and DKO mice showed systemic insulin resistance and hepatic 
steatosis in comparison with the controls and IGF-1RKO groups. The combined 
ablation of these receptors led to serious glucose homeostasis disturbances [112]. 
Together, these findings indicate that when there are deficiencies in insulin receptor 
signaling in the innate AT, a compensatory mechanism may be triggered possibly 
through insulin-independent signaling pathways in other insulin-responsive tissues in 
order to counteract systemic glucose intolerance. However, this evidence suggests that 
adequate insulin signaling inside the AT is critical for overall health.

Impacts of AT insulin sensitivity on systemic health may be mediated by the 
regulation of adipose tissue lipolysis that breaks down triglycerides into FFAs and 
glycerol. Situations like fasting, exercise, and stress induce lipolysis through adren-
ergic activation, thus mobilizing energy storage. In case of fed state, insulin inhibits 
lipolysis in the direction of lipid storage. As a result, defective insulin signaling in AT 
could lead to an increase in basal lipolysis rate [113]. Since the inflammatory cytokine 
TNF may stimulate lipolysis independently of insulin signaling, chronic low-grade 
inflammation caused by obesity may also trigger excessive FFA release by adipocytes 
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and promote lipotoxicity and lipid-induced insulin resistance [114, 115]. Obesity and 
insulin resistance have extensively been linked to elevated rates of basal lipolysis. The 
ensuing rise in circulating FFA levels increases metabolic dysfunction by promoting 
lipid accumulation in the liver and muscle [113]. Disturbances in lipid storage, such as 
those caused by obesity or lipodystrophy, can impair adipocyte function and lead to 
insulin resistance. Insulin resistance in the adipose tissue disrupts normal adipocyte 
signaling and metabolism, leading to an increase in lipolysis. Ectopic lipid accumula-
tion and insulin resistance in other tissues, such as skeletal muscle and liver, can 
result from chronically increased circulating lipids. Insulin resistance in the liver is 
deleterious because insulin signaling controls hepatic glucose synthesis. All of these 
events have the potential to produce a major effect on metabolic health, culminating 
in a vicious cycle that perpetuates systemic metabolic illness [48, 113]. Type 2 diabetes 
and hepatic lipid accumulation are common in situations with high basal lipolysis, 
such as Cushing’s syndrome [116, 117], as well as in cases of lipoatrophy when cir-
culating lipids are excessive [118]. Although the bulk of whole-body glucose uptake 
could not have been directly taken up by AT, it is obvious that impairment in glucose 
uptake and lipid accumulation in AT have an impact on other insulin-responsive 
organs, modulating the overall status of systemic health [48]. Much more remains to 
be found out how altered adipose tissue metabolism is going to contribute to meta-
bolic conditions such as obesity, insulin resistance, and type 2 diabetes.

4.  Natriuretic peptides as key players in adipose tissue dysfunction, 
obesity, and insulin resistance

4.1 Physiological actions of natriuretic peptides on adipose tissue

Currently, NPs have been well established to be powerful metabolic hormones 
that are responsible for the fulfillment of key functions in adipose tissue having 
high expression of NP receptors [119]. Demonstration of ANP mRNA expression 
by human adipose tissue is a strong indication that ANP exerts autocrine/paracrine 
effects on this tissue [120]. In 2000, it was evidenced that, in the potency order of 
ANP > BNP> > CNP, NPs exert potent lipolytic effects on human adipose tissue in 
both in vivo and in vitro circumstances [3]. This seminal observation has unveiled a 
novel pathway orchestrating human adipose tissue lipolysis in a cGMP-dependent 
manner, that does not require phosphodiesterase 3B (PDE3B) inhibition and cyclic 
adenosine monophosphate (cAMP) production [3]. While ANP exerts its lipolytic 
effects through binding to its receptor NPRA with augmented cGMP production 
and lipase activation [3], CNP produces its lipolytic effects on human preadipocytes 
by binding to its receptor NPRB and triggering cGMP synthesis [121]. In addition, 
increased mRNA levels of genes involved in adipogenesis have shown that CNP might 
govern the process of adipogenesis [121]. Furthermore, a recent study has reported 
that endothelial overexpression of CNP in transgenic mice (in which CNP was placed 
under the control of the Tie2 promoter) suppresses adipocyte hypertrophy and lipo-
genesis in WAT while stimulating BAT thermogenesis and increasing energy expendi-
ture [122]. On the other hand, expression of NPRC in human adipocytes is essential to 
the effectiveness of the NP system in adipose tissue. It has been hypothesized that the 
metabolic effects of NPs may depend on the relative tissue ratio of NPRA to NPRC, 
which has functional importance for physiological actions of NPs [123, 124]. An in 
vivo and in vitro study corroborating this hypothesis showed that rodent adipocytes 
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with a considerably higher ratio of NPRC to NPRA did not respond to lipolytic effects 
of endogenous and exogenous ANP [4].

NPs play additional roles in modulating the release of adipokines and cytokines 
from adipose tissue. When ANP is added to isolated human adipocytes in vitro, it 
inhibits leptin secretion [125]. An in vitro study found that ANP and BNP augmented 
adiponectin mRNA expression and production in human adipocytes, a modulatory 
effect that is inhibited by preincubation with HS142-1 acting as a selective NPRA 
antagonist [126]. ANP generated an inhibitory effect on production of pro-inflamma-
tory cytokines such as TNF-α and IL-6 from macrophages and adipocytes [24]. Taken 
all together, these effects show that situations of low-grade inflammation in adipose 
tissue during obesity and insulin resistance would have been positively affected by 
activation of NPRA. It has been reported that NPs could stimulate the thermogenic pro-
gram of brown adipocytes from BAT. NPRA activated by ANP triggers cGMP rise and 
protein kinase G (PKG) activation. PKG then activates p38 mitogen-activated protein 
kinase (p38-MAPK). In mouse and human adipocytes, this activation cascade leads to 
increased mitochondrial biogenesis and to activation of key thermogenic protein UCP1 
and gene expression programs responsible for fatty acid oxidation [124, 127]. When 
exposed to cold conditions, mice exhibited a rise in NPRA expression and circulating 
NPs concentrations but a decline in NPRC expression in WAT and BAT, suggesting an 
increase in NPs-induced formation of beige adipocytes [128]. On the contrary, inactiva-
tion of ANP gene in mice led to an impairment in triglyceride and glycogen metabolism 
in the liver and to a decline in cold tolerance and BAT thermogenesis [129]. Browning of 
WAT was observed in NPRC knockout mice (NPRC−/−) [127]. Based on all these results, 
we may strongly support the assertion that NPs are crucial in promoting the conversion 
of white to brown adipocytes to increase energy expenditure and reduce the white fat 
mass.

The relevant clinical implications of administering NPs as metabolic hormones 
have been excellently reviewed [22]. Intravenous infusion of ANP in lean and obese 
human subjects led to a remarkable rise in plasma FFA and glycerol concentrations, 
indicating lipid mobilization. Microdialysis data in subcutaneous abdominal adipose 
tissue also revealed that both groups had an increase in the extracellular glycerol 
concentration during ANP administration [130, 131]. However, this increase was 
not reversed with the use of propranolol, a β-adrenergic receptor antagonist used 
to blunt β-adrenergic effect of catecholamines on adipose tissue [130]. This finding 
supports the fact that ANP is a powerful lipolytic hormone that acts independently 
of the activation of the sympathetic nervous system [130, 131]. It is generally known 
that, during exercise, the heart releases ANP and BNP into the bloodstream [132]. 
The increment in ANP and BNP levels in the bloodstream during exercise is a robust 
indicator of contribution to enhanced energy supply [123]. Similarly, plasma adipo-
nectin concentrations increased in both healthy volunteers [133] and patients with 
heart failure [126, 134] after intravenous injection of human ANP.

4.2 Dysregulation of natriuretic peptide system in obesity and insulin resistance

Considering the link between NPs and their receptors, cardiometabolic diseases, 
insulin resistance, type 2 diabetes, and obesity, substantial progress has been made 
in the knowledge of metabolic effects of NPs during recent decades (Figure 1). For 
example, NPs are implicated in many processes including improvement in insulin 
resistance and induction of lipolysis. Multiple lines of evidence suggest that NPs act 
as key players in the regulation of metabolic pathways and in the pathophysiology 
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of cardiometabolic diseases, obesity, and type 2 diabetes [22]. The lower availability 
of NPs could be attributable to their decreased production and release as well as to 
the increased function of their clearance receptor. Animal experiments revealed that 
diabetic obese db/db mice and obese Zucker fatty rats have lower cardiac ANP and 
BNP expression at the mRNA level [135, 136]. However, feeding mice with a high-fat 
diet had no effect on their plasma BNP levels [137]. NPRC mRNA level rose in the 
heart of db/db mice [125], but NPRA and NPRC expression decreased and increased, 
respectively, in white and brown adipose tissue of db/db mice [137]. Moreover, obese 
mice fed a high-fat diet had increased levels of endopeptidase and neprilysin (which 
are responsible for NP breakdown) in plasma and in mesenteric fat, indicating a 
higher NP clearance [138].

Insulin resistance, type 2 diabetes, and obesity have all been reported to be 
inversely associated with human plasma NPs [6]. Obese people showed lower 
plasma BNP levels than non-obese people, indicating a negative relationship 
between body mass index (BMI) and BNP levels [139]. A cohort study revealed 

Figure 1. 
Involvement of natriuretic peptides and their receptors in the pathophysiology of obesity, type 2 diabetes, 
and insulin resistance, with possible implications for cardiometabolic health. Natriuretic peptide signaling 
evoked through the NPRA and NPRB starts with cGMP signaling, which enhances lipolysis in white adipose 
tissue, thermogenesis in brown adipose tissue, and oxidative capacity in skeletal muscle under physiological 
circumstances. These physiological actions protect against obesity, type 2 diabetes, and insulin resistance, thus 
providing significant cardiometabolic health benefits. In pathological settings, changes in the NPRA/NPRC 
and NPRB/NPRC ratios in favor of NPRC result in reduced natriuretic peptide production and release, 
and in increased clearance receptor function. Obesity, type 2 diabetes, and related comorbidities compromise 
cardiometabolic health and are all partly consequences of the aforementioned alterations in the natriuretic peptide 
system. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; cGMP, cyclic guanosine monophosphate; 
CNP, C-type natriuretic peptide; NPRA, natriuretic peptide receptor A; NPRB, natriuretic peptide receptor B; 
NPRC, natriuretic peptide receptor C; PGC1α, peroxisome proliferator-activated receptor-gamma coactivator 
1-alpha; PPARδ, peroxisome proliferator-activated receptor-delta; UCP1, uncoupling protein 1.
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that plasma NT-proANP and NT-proBNP concentrations were inversely related to 
obesity and to all other components of the metabolic syndrome, with the excep-
tion of hypertension [140]. VAT and hepatic fat mass in patients with heart failure 
were found to be adversely associated with BNP and NT-proBNP plasma levels. In 
addition, a link between reduced circulating NP levels and altered AT distribution 
was also found. Elevated levels of NPs, on the other hand, have been reported to be 
a stronger indicator of obesity profile [141]. The NPRA to NPRC ratio decreased in 
the adipose tissue of obese patients with type 2 diabetes, indicating increased NP 
clearance. Treatment with pioglitazone increased the NPRA to NPRC ratio as well 
as the insulin sensitivity, indicating that a lower NPRA to NPRC ratio is linked to 
glucose intolerance and insulin resistance [142]. Obese patients also exhibited high 
neprilysin expression, indicating that NPs break down rapidly and their effects 
lessen [138]. Overall, these findings suggest that reduced circulating NP levels are 
closely associated with the progression of numerous metabolic disorders, including 
type 2 diabetes and obesity. Currently, the capacity of neprilysin inhibitors, such 
as sacubitril, to raise NP levels is being considered as one of the major strategies for 
improving the metabolic profile in type 2 diabetes and obesity through remodeling 
adipose tissue [143]. Nevertheless, further research and clinical trials are required 
to obtain the optimal metabolic benefits from those drugs and to maximize their 
effects.

The relevance of NP receptors and signaling cascade components in metabolic 
function research has been demonstrated using genetically engineered mouse mod-
els. Body weight and fat mass were reduced in NPRC knockout mice (NPRC−/−). 
Furthermore, adding ANP to adipocyte culture from NPRC knockout mice 
boosted UCP1 expression, resulting in lipolysis [127]. In comparison to wild-type 
counterparts, adipocyte-specific NPRC knockout mice (NprcAKO) showed higher 
thermogenesis, improved insulin sensitivity, and increased glucose uptake into BAT. 
This recent finding also indicated that NPRC knockout mice were protected from 
developing insulin resistance and obesity as a result of a high-fat diet. Furthermore, 
in this diet-induced model of insulin resistance and obesity, adipocyte-specific NPRC 
deletion inhibited the development of inflammation [144]. The knockout of the 
NPRA gene, however, has been linked to increased fat mass and cardiac hypertrophy 
[145]. Guanylyl cyclase-A (GCA) heterozygous knockout [GCA(+/−)] mice fed a 
high-fat diet gained weight and developed glucose intolerance [144, 146]. However, 
mice overexpressing PKG (cGK-Tg mice) fed a high-fat diet had lower body weight, 
less visceral and subcutaneous fat depots, and less ectopic fat deposition, thereby 
showing a significant enhancement in insulin sensitivity and glucose tolerance 
[146]. Overall, these data suggest that the NPs/guanylyl cyclase (GC) cascades play a 
crucial role in conferring resistance to obesity and glucose intolerance. Besides, mice 
overexpressing BNP (BNP-Tg mice) fed a high-fat diet, had better body weight, and 
glucose tolerance, indicating that BNP attenuates diet-related obesity and insulin 
resistance [146]. A recent study conducted on mice overexpressing CNP, specifically 
in adipocytes (A-CNP-Tg mice), showed better glucose tolerance and insulin sensitiv-
ity in another model of high-fat diet-induced obesity, which was linked to increased 
insulin-stimulated protein kinase B (Akt) phosphorylation. These findings imply that 
adipocyte-specific CNP overexpression offers protection against adipocyte hyper-
trophy, increased lipid metabolism, inflammation, and impaired insulin sensitivity 
during high-fat diet-induced obesity [147].

Insulin resistance, increased lipotoxicity, and reduced-fat oxidative capacity are 
all linked to faulty NPR signaling in skeletal muscle during obesity. The physiologic 
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activation of NPRA by circulating NP is further inhibited by upregulation of NPRC 
in skeletal muscle as glucose tolerance impairs with obesity [137]. In humans, a 
substantial positive relationship was initially discovered between insulin sensitivity 
and muscle NPRA protein expression, as evaluated by hyperinsulinemic-euglycemic 
clamp at a dosage that primarily shows insulin sensitivity in skeletal muscle [137]. 
However, the finding of a negative relationship between body fat and muscle NPRA 
expression is in line with the negative relationship between total saturated ceramide 
concentration and muscle NPRA expression, two parameters that adversely influ-
ence skeletal muscle and whole-body insulin sensitivity [137, 148, 149]. Coué et al. 
first documented a functional link between insulin sensitivity and skeletal muscle 
NPRA signaling, indicating that NPR signaling in skeletal muscle may alter insu-
lin sensitivity in addition to plasma NP levels [137]. Furthermore, muscle NPRA 
protein was significantly reduced in obese people, but it increased in response to 
diet-induced weight loss and improved insulin sensitivity. Although the molecular 
mechanisms that modulate muscle NPRA protein expression remain elusive, the 
aforementioned findings suggest that muscle NPRA acts as a major determinant 
of insulin sensitivity [137]. Furthermore, as glucose tolerance deteriorates in obese 
with impaired glucose tolerance (IGT) and type 2 diabetes, overexpression of muscle 
NPRC might further suppress the physiologic activation of muscle NPRA, which 
ultimately results in NP system dysfunction. Given that muscle mass accounts for up 
to 40% of total body weight, even a small increase in muscle NPRC expression could 
significantly reduce plasma NP levels by increasing NP clearance rates [137, 150]. 
As glucose tolerance deteriorates independently of blood glucose concentrations in 
obese patients, muscle NPRC may be activated by high blood insulin levels, as it has 
previously been established in adipose tissue [150]. Despite the fact that the obese 
controls and IGT/type 2 diabetes groups were not age-matched, enhanced NPRC 
expression in skeletal muscle appeared to be independent of age, since there was no 
relationship between age and muscle NPRC protein expression [137]. These findings 
in human muscle were mainly duplicated in obese diabetic mice. Obese diabetic mice 
had higher levels of NPRC protein in their skeletal muscle, white fat, and brown fat, 
but only muscle NPRC protein was negatively correlated with plasma BNP levels, 
suggesting that increased plasma BNP clearance by the muscle could contribute to 
the NP system dysfunction seen in these mice. Findings by Birkenfeld et al. [133] are 
consistent with previous studies that have linked higher NPRC mRNA levels in white 
fat to metabolic impairment in rats and humans [146, 151, 152]. These results have 
also provided a molecular explanation for the close relationship between NP system 
dysfunction and insulin resistance in humans, irrespective of adiposity [153]. The 
concept of NP system dysfunction is corroborated by the results reporting that in 
NPRC knockout mice blood circulation half-life of NPs and their biological activity 
in target tissues is dramatically enhanced [154]. More importantly, altered NPRA-
to-NPRC protein ratio in skeletal muscle was followed by a significant change in p38 
MAPK phosphorylation in db/db versus db/+ animals, indicating a possible signaling 
impairment, given that p38 MAPK is a typical downstream molecular effector of the 
NPR signaling pathway [127]. Another study has recently reported that protection 
against diet-induced obesity and insulin resistance had been attributed to NPRC 
deletion in adipose tissue (NprcAKO) but not in skeletal muscle (NprcMKO). NprcAKO 
mice had less inflammation and enhanced energy expenditure, shifting lipid storage 
from liver to visceral fat. These data led to the conclusion that, when fed a high-fat 
diet, mouse adipose tissue devoid of NPRC is the primary location of NP-driven 
metabolic changes [144].
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5. Conclusion

Evidence is accumulating that NPs participate in the physiological and pathophysi-
ological regulation of many metabolic diseases including obesity, insulin resistance, 
and type 2 diabetes, in addition to their well-known actions in the cardiac, vascular, 
and renal systems. Although there are some conflicting results of the relationship 
between NP system deficiency and metabolic diseases, many recent studies have 
shown that the NP system is defective in those diseases. Reduced NPs synthesis, 
increased clearance, and/or altered NP receptor expression may impair the positive 
effects of NPs on target metabolic organs such as heart, skeletal muscle, and adipose 
tissue during obesity, insulin resistance, and type 2 diabetes. Impaired NPs system 
signaling causes lipid accumulation in adipose tissue, which leads to visceral adipos-
ity, obesity, insulin resistance, type 2 diabetes, and cardiovascular disease. The strong 
links between adipose tissue enlargement and dysfunction during obesity, insulin 
resistance, type 2 diabetes, and cardiovascular disease may have been explained by 
a number of metabolic pathways that are interrelated in the heart, liver, and skeletal 
muscles. In this perspective, NP insufficiency might be considered one of the path-
ways linking adipose tissue dysfunction to obesity, type 2 diabetes, insulin resistance, 
and cardiovascular disease. There is ample data showing that restoring NPs levels 
after NP injection leads to positive metabolic outcomes, which supports this idea. The 
positive association between increased levels of NPs and lower incidence of insulin 
resistance, obesity, and type 2 diabetes holds promise for future NPs applications. 
Adipocyte hypertrophy, increased lipid synthesis, and visceral and ectopic fat deposi-
tion are all prevented by NPs. Furthermore, promising approaches to converting 
white adipose tissue into thermogenic brown adipose tissue could offer an effective 
tool for correcting dysfunctional lipid metabolism during obesity, insulin resistance, 
type 2 diabetes, and cardiovascular disease. In addition, translation of these promis-
ing results into clinical practice would open new avenues to treat obesity, type 2 
diabetes, and associated diseases. Therefore, further research is needed to completely 
comprehend the complex interplay between NP system and adipose tissue, heart, 
liver and skeletal muscles during obesity, insulin resistance, and type 2 diabetes.
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Chapter 7

Berardinelli-Seip Syndrome: 
Report of an Old Case Successfully 
Treated with Anti-Glucocorticoid 
Therapy Followed by Bilateral 
Adrenalectomy
Patricio H. Contreras

Abstract

A female teenager was diagnosed in 1986 with Berardinelli-Seip syndrome  
(congenital generalized lipodystrophy). Following the predictable failure of the usual 
treatments for her severe type 2 diabetes and hypertriglyceridemia, we decided to treat 
her with a novel anti-glucocorticoid-centered approach. In 1988, we treated her with 
mifepristone alone (9 weeks), then with mifepristone combined with ketoconazole 
(1 week), and again, with mifepristone alone (2 weeks). Acanthosis nigricans, as well 
as eruptive xanthomas, experienced complete regression following the anti-glucocor-
ticoid therapy. Moreover, the patient gained 7 kilograms. Besides, there was a striking 
metabolic amelioration with mifepristone therapy. The addition of ketoconazole 
strongly reduced the relevant mifepristone-induced hypercortisolemia within 1 week. 
Fasting serum glucose, insulin, and triglycerides fell from day 1 to day 7 without 
reaching values within the normal range. Two weeks after ketoconazole withdrawal 
(while keeping mifepristone administration), serum triglyceride and glucose values 
rose significantly. Eleven days after bilateral adrenalectomy, fasting glucose values 
were within normal limits or slightly above. An oral glucose tolerance test (75-g OGTT) 
performed 13 days after surgery showed insulin values within normal limits, fasting 
serum glucose values within the normal range, and a 2-h serum glucose value in the 
diabetic range. These findings were consistent with our working hypothesis proposing 
that Berardinelli-Seip syndrome is due to cortisol-mediated unrestrained lipolysis.

Keywords: Berardinelli-Seip syndrome, hypoleptinemia,  
hypothalamic–pituitary–adrenal-axis overactivity, unrestrained lipolysis, mifepristone, 
ketoconazole

1. Introduction

Congenital Generalized Lipodystrophy (CGL, Berardinelli-Seip syndrome, BSCL) 
is a rare autosomal recessive disorder with a prevalence in the range of 1–10 patients 
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per million people [1, 2]. However, in northern areas of Brazil, its prevalence is much 
higher, amounting to 32.3 patients per million people [3]. We recognize at least four 
CGL types: Type 1, due to mutations in the AGPAT2 gene, which is located on chro-
mosome 9q34 and encodes the enzyme 1-acylglycerol-3-phosphate O-acyltransferase 
2 (AGPAT2); Type 2, due to mutations in the BSCL2 gene, which is located on chro-
mosome 11q13 and encodes Seipin; Type 3, due to mutations in the CAV1 gene, which 
is located on chromosome 7q31 and encodes caveolin-1; and Type 4, due to mutations 
in the polymerase I and transcript-release factor [PTRF] gene, which is located on 
chromosome 17q21.2 and encodes cavin [1].

About 95% of CGL patients harbor either AGPAT2 or seipin mutations. The most 
common CGL is Type 1, and the rarest is Type 3. In Brazil, over 90% of CGL cases are 
CGL type 2, while in Europe, Middle East, and Japan, most patients have CGL Type 1. 
CGL patients have an extreme deficiency of fat depots. Therefore, most CGL patients 
have low serum leptin and adiponectin levels. They usually have elevated circulating 
serum triglycerides (very-low-density lipoproteins plus chylomicrons) and develop 
severe steatosis within their lean organs, such as the liver and skeletal muscles. 
Lipotoxicity of these organs produces in CGL patients an insulin-resistant state that 
does not respond to current treatments.

Two key metabolic features are prominent in these patients: much-elevated 
gluconeogenesis along with much-reduced insulin-mediated skeletal muscle glucose 
uptake. Usually, by the second decade of life, these patients develop type 2 diabetes 
requiring very high insulin doses. Hypertriglyceridemia in these patients is very 
difficult to treat, and it may manifest itself as cutaneous xanthomas. The best current 
treatment for CGL is recombinant leptin [4], but this is not widely available. Besides, 
leptin therapy is associated with weight loss in these patients.

The first two reported patients—both of pediatric age—were described in Brazil 
by Dr. Waldemar Berardinelli in 1954 [5]. In 1959, the Norwegian pediatrician Martin 
Seip published the report of three additional patients [6]. Berardinelli-Seip syndrome 
has been hard to understand and therefore, very difficult to treat.

To advance the knowledge on CGL, several groups attempted to generate trans-
genic murine models of the disease. In 1998, two transgenic models of murine lipoat-
rophy were simultaneously published [7, 8]. The A-ZIP/F1 transgenic mouse model 
had an extreme fat deficiency, whereas the aP2-SREBP-1c mouse model had only a 
moderate fat deficiency.

In 1994, leptin (a cytokine produced by the adipocytes having endocrine actions) 
was discovered [9]. In 1999, Shimomura et al. [10] showed that recombinant leptin 
reversed diabetes in the aP2-SREBP-1c mouse model of CGL and concluded that 
insulin resistance was secondary to the severe hypoleptinemia found in these animals. 
However, the A-ZIP/F1 mouse model responded poorly to exogenous leptin [11]. By 
contrast, in 2002, a study demonstrated that total adrenalectomy in A-ZIP/F1 diabetic 
mice induced a substantial metabolic improvement by increasing liver and muscle 
insulin sensitivity [12]. The authors attributed these improvements to the adrenalec-
tomy-induced disappearance of chronic hypercorticosteronemia. Moreover, leptin 
treatment in A-ZIP/F1 mice reduced their elevated circulating corticosterone levels. 
So, it was conceivable that hypoleptinemia was behind the adrenal axis overactivation 
and the subsequent hypercorticosteronemic state exhibited by this mouse model.

In 2002, recombinant methionyl human leptin (metreleptin) reversed insulin 
resistance in nine women with congenital or acquired lipodystrophy and serum leptin 
levels <4 ng/mL [4]. In 2014, recombinant human leptin (metreleptin; Myalept®) 
received FDA approval to treat lipodystrophies [13]. In 2009, Cortés et al. generated 
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the AGPAT2-deficient mouse, a transgenic animal model of lipoatrophy resembling 
CGL Type 1 [14]. In 2011, Cui et al. [15] reported that seipin ablation in mice results 
in severe generalized lipodystrophy. In 2012, Chen et al. [16] confirmed that inactiva-
tion of seipin in mice leads to severe lipodystrophy. Also, these authors shed light on 
the mechanisms involved in the process. They found that in vitro differentiation of 
murine embryonic fibroblast and stromal vascular cells had normal early-phase adi-
pocyte differentiation, but a striking failure of terminal differentiation. This unsuc-
cessful adipogenesis was secondary to a runaway cyclic AMP-dependent lipolysis and 
silencing of the transcription factors regulating adipogenesis. In vitro adipogenesis 
was rescued by inhibitors of lipolysis, but not by peroxisome proliferator-activated 
receptor (PPAR)-gamma agonists, such as pioglitazone. A recent review [17] suggests 
a central role of unrestrained lipolysis in the genesis of lipoatrophy of seipin-deficient 
individuals. In summary, seipin stimulates adipogenesis and inhibits cyclic AMP-
dependent lipolysis.

The pathophysiology of the AGPAT2-deficient patients is cloudier compared with 
the situation of the homologous seipin-deficient patients. In 2016, Cautivo et al. [18] 
showed that the AGPAT2 gene is essential for the postnatal development and mainte-
nance of white and brown adipose tissue.

A simplistic belief is that AGPAT2 deficiency impairs lipogenesis, while seipin 
deficiency impairs normal adipogenesis. Both conditions result in triglyceride 
(TG)-depleted adipocytes. However, a TG-depleted adipocyte also results from 
ablation of perilipin in murine adipose tissue. Nevertheless, in the latter situation, the 
TG-depleted adipocyte secretes an increased, rather than a reduced, amount of leptin 
[19]. Thus, a TG-depleted adipocyte is not necessarily associated with hypoleptinemia. 
In other words, the exact mechanism by which AGPAT2 deficiency leads to hypolepti-
nemia is unknown. Overall, hypoleptinemia seems to be a commonality in generalized 
lipodystrophies. Therefore, the biggest investigational challenge is to figure out how 
hypoleptinemia and severe insulin resistance are linked together in CGL.

Herein, we report an extraordinary experience with a patient with Berardinelli-Seip 
syndrome (1986–1988) seen before the leptin era. At that time, we hypothesized that 
CGL was somehow the consequence of the local excess of cortisol action on the adipocyte. 
To test our daring hypothesis, we used mifepristone, a potent anti-glucocorticoid drug. 
Having previous experience with the drug on a patient with a previously operated-on, 
recurrent ectopic adrenal cancer and severe Cushing’s syndrome [20], we anticipated 
that mifepristone would probably produce an overactivation of the hypothalamic–pitu-
itary–adrenal axis. For this reason, following 9 weeks of mifepristone therapy alone, 
we briefly added ketoconazole to the treatment to partially block cortisol synthesis. We 
devised this therapeutic strategy to reduce serum cortisol levels, seeking to reinforce the 
anti-glucocorticoid effect of mifepristone. Finally, we stopped ketoconazole to reduce 
the anti-glucocorticoid action of the combined intervention. Overall, our results with 
the abovementioned anti-glucocorticoid approach permitted us to surmise that total 
adrenalectomy would benefit the patient.

1.1 Case report

A 16-year-old female patient entered the Endocrine Unit of the University 
Hospital (Hospital José Joaquín Aguirre, Universidad de Chile, Santiago) with a 
recent diagnosis of type 2 diabetes. Her parents were first cousins. Since she was born, 
pediatricians were intrigued by her peculiar appearance, characterized by scarcity of 
subcutaneous fat, muscular prominence, and abdominal distension.
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Our patient had an acromegaloid face, scarcity of subcutaneous adipose tissue, 
conservation of mechanical fat, severe acanthosis nigricans, prominent veins, and 
muscular prominence. She had a voracious appetite and exhibited eruptive xantho-
mas (sparing the face and the chest) especially over her palms and elbows.

She also had clinical hyperandrogenism, including facial and scalp seborrhea 
and mild clitoromegaly. She had a history of recurrent periods of amenorrhea. Her 
liver and spleen were notoriously enlarged, producing a prominent abdomen. A mild 
thyromegaly and a small umbilical hernia were present. The normal intellectual 
development and the presence of mechanical fat (located in palms, soles, joints, and 
retro-orbital space) in our patient suggested that she was AGPAT2-deficient rather 
than seipin-deficient. We did not have her DNA sequenced since this technique 
debuted in CGL cases just in the current century.

Fasting serum glucose, insulin, and triglycerides were 225 mg/dL, >400 mU/L, 
and 7400 mg/dL, respectively (normal levels: ≤99 mg/dL, ≤13 mU/L, and ≤ 150 mg/
dL, respectively). The patient was diagnosed with Berardinelli-Seip syndrome and 
polycystic ovary syndrome.

We treated her with high insulin doses with disappointing results, which attested 
to the presence of an extreme insulin resistance. Given the acute pancreatitis risk, 
we carried out an unsuccessful attempt to reduce her extremely high levels of serum 
triglycerides with high doses of omega-3-rich fish oil (up to 20 grams per day). Our 
medical staff thoroughly discussed the case and reached a consensus: she was not 
treatable with conventional medications.

1.2 Rethinking the patient from scratch

We realized that, to help the patient, we had to rethink her. For us, the extreme scar-
city of body fat in our patient was the key to understanding how to deal with her disease. 
We reviewed the available literature (years 1986–1988) regarding adipogenesis, lipogen-
esis, and lipolysis. We looked at the fat storage within the adipocyte like a “bank account” 
of fat. An “empty adipocyte” could result from deficient lipogenesis or increased lipolysis.

We learned that serum insulin levels stimulate lipoprotein lipase (LPL). LPL 
provokes the lipolysis of circulating serum chylomicrons and very-low-density lipo-
protein particles (VLDL). Then, free fatty acid (FFA) molecules enter the adipocyte 
to initiate lipogenesis. Three FFA molecules bind to a single acyl-glycerol molecule 
to form the triacylglycerol molecule (triglyceride or TG) stored within lipid droplets 
inside the cytoplasm. The stored TG molecule may be subjected to a hormone-sensi-
tive lipase (HSL)-mediated lipolysis, releasing FFAs and glycerol into the circulation. 
Even minute amounts of circulating insulin can tonically inhibit HSL.

When hepatic glycogenolysis is exhausted at dawn, serum glucose and insulin 
levels fall, interrupting the HSL inhibition. For us, a piece of crucial information was 
that cortisol exerts a permissive role on the HSL activation in the cytosol of the adipo-
cyte. In other words, the HSL is inactive in the absence of cortisol inside the cytosol of 
the adipocyte. Cortisol reaches the cytosol of the adipocyte through the internaliza-
tion of extracellular, inactive cortisone. This inactive cortisone is transformed inside 
the cytosol into physiologically active cortisol by the enzyme 11β-hydroxysteroid 
dehydrogenase type 1 (11β-HSD1). In turn, cortisol stimulates HSL acutely, whereas 
it stimulates LPL chronically. Acute lipolysis occurs when energy is required: the 
released FFA and glycerol molecules provide the liver with substrates to increase 
glucose production at dawn. These tips summarize what we learned about lipogenesis 
and lipolysis by reviewing the available literature. By understanding the physiological 
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roles of leptin, our comprehension of adipose tissue physiology has grown a great 
deal. This new knowledge will allow us to reinterpret our extraordinary findings.

1.3  The decision to initiate an anti-glucocorticoid-centered, experimental 
therapeutic approach

Theoretically, fat depletion in CGL may be secondary to defects either in adipogenesis 
or lipogenesis. However, other possibilities may exist. We hypothesized that cortisol-
mediated, unrestrained lipolysis was at the core of the CGL in our patient.

The main advantage of our daring—and even naïve—hypothesis was its testability. 
Serendipitously, we did have access to mifepristone (RU-486), a potent anti-progester-
one and anti-glucocorticoid steroidal drug. We had previously treated with mifepristone 
for 5 months a patient with recurrent hepatic adrenal rest cancer-mediated hypercor-
tisolism. Before that experience, back in 1985, we had postulated in a Lancet letter [21] 
that glucocorticoid-producing adrenal cancers might be glucocorticoid-dependent. We 
had observed a striking, rapid disappearance of liver and lung metastases after using 
ketoconazole (1200 mg/day) on a female patient to block excessive cortisol synthesis by 
adrenal cancer. Roussel-Uclaf kindly donated 1000 pills of mifepristone (200 mg each) 
to treat this patient with an ectopic adrenal cancer. That trial taught us what to expect 
from the mifepristone administration. However, when the hypercortisolism spectacu-
larly faded away after 5 months of treatment, the patient declared herself cured, refusing 
further treatment. Unfortunately, she died less than a year after stopping treatment. We, 
therefore, were left with a substantial amount of available mifepristone pills.

Also, we had extensive experience with ketoconazole in several cases of Cushing’s 
syndrome (seen from 1983 through 1988). In 1983, we successfully used ketoconazole 
to treat hypercortisolism in a patient with an adrenal rest tumor of the liver. This 
success permitted us to remove her ectopic adrenal tumor from the liver, resulting in 
an apparent surgical cure. We reported this experience in 1985 [20]. Up until then, 
nobody else had published a clinical trial with ketoconazole in Cushing’s syndrome. 
This initial, positive experience paved the way for us to acquire expertise in using 
ketoconazole in Cushing’s syndrome.

The endocrinologists of our Unit discussed the complex situation of our patient 
with CGL. At the time, we did not have an Ethics Committee at the University 
Hospital. Therefore, our group reached a medical consensus: to offer an experimental 
mifepristone treatment to the patient and her family. We explained to them that we 
had nothing else to offer. The patient and her family agreed to receive a trial of mife-
pristone therapy. We used the same dose of mifepristone (600 mg daily, divided into 
three 200 mg pills) that we had previously used in our patient with ectopic adrenal 
cancer. So, after a whole year of unsuccessful therapies, we were ready to proceed 
with an experimental, unheard-of, therapeutic approach on our 18-year-old patient.

2. Material and methods

2.1 Experimental protocol (1988)

2.1.1 First course of anti-glucocorticoid treatment alone

Mifepristone therapy alone (600 mg/day, given as three 200-mg pills, at 7 AM, 
3 PM, and 11 PM) was administered orally for 9 weeks. The anti-glucocorticoid action 
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of the drug would negate the cortisol-mediated negative feedback on secretion of 
CRF (corticotropin releasing factor) and ACTH (adrenocorticotropic hormone). 
Therefore, we anticipated an overactive hypothalamic–pituitary–adrenal axis (“adre-
nal axis”, for short). High circulating cortisol levels will not produce glucocorticoid 
actions in the presence of mifepristone. Instead, they will stimulate the mineralocor-
ticoid receptor in the distal renal tubule (cortisol-induced hypermineralocortisolism).

For this reason, we measured the mean daily serum cortisol values (individual val-
ues were measured at 8 AM, 3 PM, and 11 PM) and urinary free cortisol on day 63 of 
the trial at the end of this first phase. To monitor the expected metabolic changes, we 
serially measured serum fasting glucose, insulin, and triglycerides during this period.

2.1.2 Anti-glucocorticoid treatment plus partial blockade of cortisol synthesis

Mifepristone (600 mg/day) plus ketoconazole (800 mg/day, divided into four 200-
mg pills given every 6 hours) combination therapy was administered for 1 week.

Ketoconazole was expected to produce a partial blockade of the enhanced 
mifepristone-induced adrenal cortisol synthesis, thus reducing the prevailing 

Figure 1. 
Local acanthosis nigricans and eruptive xanthomas, as seen before (A) and after (B) the anti-glucocorticoid 
intervention. The peculiar aspect of a fat-devoid mesentery at surgery is also shown (C).
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hypercortisolemia. We devised this therapeutic addition to reinforce the anti-
glucocorticoid effect of mifepristone. We measured the daily mean serum cortisol 
values and urinary free cortisol on day 70 of the trial, at the end of the second phase 
of treatment. We also measured daily serum fasting glucose, insulin, and triglycerides 
to evaluate the response to the addition of ketoconazole.

2.1.3 Second course of anti-glucocorticoid treatment alone

Mifepristone therapy alone (600 mg/day, given as 200-mg pills, at 7 AM, 3 PM, 
and 11 PM) was administered orally for 2 weeks. We expected to witness a deteriora-
tion of both circulating fasting glucose and triglycerides by stopping ketoconazole. 
We did not measure cortisol values in serum and urine during this phase.

The whole anti-glucocorticoid intervention (mifepristone alone or combined with 
ketoconazole) lasted 12 weeks. Acanthosis nigricans and eruptive xanthomas virtu-
ally disappeared during the trial (Figure 1). Moreover, the patient gained 7 kilograms.

3. Results

3.1 Mifepristone therapy alone, 600 mg/day (9 weeks)

This intervention produced a striking amelioration of fasting serum insulin and 
triglyceride levels, as shown in Table 1. However, as we predicted, the patient experi-
enced an overactivation of the adrenal axis, reflected by very high daily mean serum 
cortisol and urinary free cortisol excretion at the end of the 9th week (Table 2). 
The mifepristone-induced adrenal axis overactivity revealed itself as a clinical 
hypermineralocortisolism. The patient had arterial hypertension (160/100 mmHg), 
hypokalemia (3.4 mEq/L), and inappropriate urinary potassium loss (56 mEq/day). 

Weeks Serum fasting triglycerides
(mg/dL)

Fasting glycemia
(mg/dL)

Fasting insulinemia
(mU/L)

Baseline 7400 225 >400

Week 1 6310 145 >400

Week 2 3625 250 10.0

Week 3 1220 280 20.0

Week 4 1210 230 18.0

Week 5 1200 290 n/a

Week 6 1500 230 10.0

Week 7 1750 225 11.0

Week 8 1500 224 10.5

Week 9 617 227 8.0

Table 1. 
Assessment of metabolic parameters at baseline and after initiation of mifepristone therapy alone (600 mg/
day). Mifepristone alone (600 mg/day) reduced serum triglycerides first (1 week) and then reduced serum fasting 
insulin levels in 2 weeks. Serum fasting glucose levels were unchanged for 9 weeks. At the end of the 9th week, 
serum levels of triglycerides were just 8.3% of the baseline value. Similarly, fasting insulin levels were less than 2% 
of the baseline value. Abbreviations: n/a, not available.
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We interpreted this phenomenon as a mifepristone-induced hypercortisolism over-
whelming the cortisol-inactivating capacity of the 11β-hydroxysteroid dehydrogenase 
type 2 (11β-HSD2); this enzyme—located in the distal tubule of the nephron—con-
verts active cortisol into inactive cortisone, thus preventing cortisol-induced activa-
tion of the local mineralocorticoid receptor. Mifepristone blocks the glucocorticoid 
receptor, but not the mineralocorticoid receptor. So, excess cortisol stimulates the 
mineralocorticoid receptor of the distal kidney tubule, provoking excess renal sodium 
reabsorption and excess urinary potassium excretion.

3.2   Mifepristone (600 mg/day) plus ketoconazole (800 mg/day) combination 
therapy (a single week)

As predicted, the addition of ketoconazole (an antifungal agent capable of inhibit-
ing cortisol synthesis) enhanced the anti-glucocorticoid effect of mifepristone, as 
reflected by a further reduction of the serum levels of triglycerides and fasting insulin 
and glucose levels (Table 3). These effects paralleled a drop of mean daily total serum 
cortisol and urinary free cortisol excretion, as shown in Table 2. Table 4 shows a 
striking reduction of serum insulin values observed during an oral glucose tolerance 
test (OGTT) performed with 75 g of glucose on the last day of the combined adminis-
tration, compared with the values observed 2 years earlier.

Intervention 24-hour urinary-free cortisol (UFC)
(mcg/24 h; normal values, ≤100)

Mean daily serum cortisol*
(mcg/dL)

Mifepristone therapy alone
(63rd day)

1130 48.5

Mifepristone plus ketoconazole 
combination therapy (70th day)

630 26

Table 2. 
Assessment of adrenal function at the end of the prolonged mifepristone therapy alone and at the end of the 
mifepristone plus ketoconazole combination therapy. At the end of the administration of mifepristone alone, 24-h 
urinary free cortisol (UFC) and mean daily serum cortisol values were grossly elevated, reflecting a mifepristone-
induced adrenal hyperactivity. One week after adding ketoconazole to mifepristone, there was almost a 50% 
decrease in these values, reflecting the ability of ketoconazole to block adrenal cortisol synthesis. *we calculated the 
mean daily serum cortisol values (individual values were measured at 8 AM, 3 PM, and 11 PM).

Days
(Starting from Week 10)

Serum fasting triglycerides
(mg/dL)

Fasting glycemia
(mg/dL)

Fasting insulinemia
(mU/L)

Day 1 380 180 12.0

Day 2 375 145 17.5

Day 3 300 122 13.0

Day 4 250 121 13.5

Day 5 240 135 13.6

Day 6 220 129 7.5

Day 7 230 138 7.0

Table 3. 
Assessment of metabolic parameters during mifepristone (600 mg/day) plus ketoconazole (800 mg/day) 
combination therapy. The addition of ketoconazole to mifepristone for 7 days notoriously reduced serum fasting 
levels of triglycerides, glucose, and insulin to near-normal values.
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3.3 Second course of mifepristone therapy alone, 600 mg/day (2 weeks)

We observed a progressive deterioration of serum triglyceride and glucose values 
after stopping ketoconazole (Table 5). Unfortunately, we did not measure cortisol 
values during this period.

3.4  Summary of metabolic changes observed during the anti-glucocorticoid 
intervention

As observed in Table 1, mifepristone therapy alone took 2 weeks to substantially 
reduce serum fasting triglyceride and insulin levels, while serum fasting glucose was 
unchanged during this phase of anti-glucocorticoid intervention. The 1-week addi-
tion of ketoconazole produced a further reduction of serum triglycerides and a rapid 
drop of serum fasting glucose values (Table 3). However, over the next 2 weeks of the 
trial with mifepristone therapy alone, we observed a clear rise in serum triglyceride 
and glucose values (Table 5).

3.5 The decision to perform total (bilateral) adrenalectomy and its results

None of the observations that we made during our protocol execution negated 
our working hypothesis. Regarding definitive therapy for lipoatrophic diabetes, 
mifepristone administration was ruled out for its limited availability and expected 
complications. By contrast, bilateral adrenalectomy, along with a limited cortisol 
replacement therapy, would reduce fat exposure to high, lipolysis-inducing cortisol 
levels. The family and the patient agreed to the surgical procedure. After surgery, we 
administered a reduced but safe amount of hydrocortisone (15 mg/day, divided into 
daily doses: 10 mg at 8 AM and 5 mg at 3 PM). In addition, we administered fludro-
cortisone 0.1 mg daily to avoid excessive urinary sodium loss.

Minutes 0’ 30’ 60’ 90’ 120’

Basal (1986) 61 193 357 153 >300

Combined Anti-glucocorticoid Administration (1988) 11 19 27 24 23

Table 4. 
Serum insulin levels (mU/L) measured during oral glucose tolerance tests (OGTT) performed (with 75 g 
of glucose) at baseline (1986) and during the mifepristone plus ketoconazole combination therapy (1988). 
Serum insulin levels observed during the OGTT performed at the end of the combined anti-glucocorticoid 
administration (1988) were strikingly reduced, as compared with values observed during the baseline OGTT 
(performed in 1986).

Weeks Serum fasting triglycerides
(mg/dL)

Fasting glycemia
(mg/dL)

Fasting insulinemia
(mU/L)

11 360 160 n/a

12 438 200 n/a

Table 5. 
Assessment of metabolic parameters during the second course of mifepristone therapy alone (600 mg/day). There 
was a substantial increase in fasting triglyceride and glucose levels after the discontinuation of ketoconazole for 
7 days. Abbreviations: n/a, not available.
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At the time of adrenalectomy, surgeons were surprised to observe a fat-devoid 
mesentery (Figure 1). The patient recovered uneventfully from the surgical proce-
dure. After adrenalectomy, we measured fasting glucose levels daily, and we per-
formed an OGTT (with 75 g of glucose) 2 weeks later (Table 6).

Minutes 0’ 30’ 60’ 90’ 120’

Serum glucose
(mg/dL)

98 140 148 195 210

Serum insulin
(mU/L)

10 45 53 47 52

Table 6. 
Serum glucose and insulin values during the oral glucose tolerance test (OGTT) performed (with 75 g of glucose) 
13 days following bilateral adrenalectomy, under hydrocortisone (15 mg/day) plus fludrocortisone (0.1 mg/day) 
replacement therapy. Serum glucose values were within the lowest diabetic range, while hyperinsulinemia was 
absent.

Figure 2. 
The facsimile of our abstract, as it was published in the proceedings of the Endocrine Society Seventy-First Annual 
Meeting; June 21–24, 1989, Seattle, Washington (USA).
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Twenty-four hours after the adrenalectomy, fasting serum glucose was within the 
normal range, followed by occasional minimal increments above the normal range in 
the next 2 weeks. The OGTT results showed a fasting glucose level within the normal 
range and a 2-h glucose level in the low diabetic range. The insulin values during the 
OGTT were within the normal range, although with an unusual trajectory (Table 6).

We performed successful adrenalectomy in our lipoatrophic patient 14 years before 
the adrenalectomy success observed in transgenic A-ZIP/F1 lipoatrophic mice [12].

3.6 Patient discharge and follow-up

We discharged the patient from the hospital (1988) medicated with hydrocor-
tisone (10 mg at 8 AM and 5 mg at 3 PM) plus fludrocortisone (0.1 mg at 8 AM). 
We instructed her to double the fludrocortisone dose in the summer. Subsequently, 
she opted to be taken care of by the National Health Service (NHS) due to financial 
reasons. We never had the opportunity to discuss the case with her new attending 
diabetologists.

Likely, the idea of using a reduced but safe amount of oral hydrocortisone in this 
patient did not appeal to her new attending physicians. Besides, the NHS in Chile did 
not provide fludrocortisone at that time, so the patient likely overdosed with hydrocorti-
sone. Despite these shortcomings, the patient got pregnant twice, having a spontaneous 
abortion in 2002. In 2003, aged 34, she got pregnant again and delivered a premature, 
28-week baby. Her attending obstetricians reviewed the literature and discovered a single 
case with successful pregnancy in women with CGL [22]. They described the difficult 
pregnancy in a local obstetrics journal [23]. Even though triglyceride levels remained 
elevated (below 2000 mg/dL), these levels were substantially lower compared with those 
observed when we first met her (7100 mg/dL). However, the obstetrics report men-
tioned one episode of acute pancreatitis antedating her second pregnancy.

We presented our experience in 1989 at The Endocrine Society Meeting in Seattle 
[24] (Figure 2). However, at that time, we could not write up a paper reporting our 
findings simply because we could not offer a rational explanation for them.

4. Discussion

To reinterpret the therapeutic findings in this teenager, we must briefly revise 
crucial new knowledge accumulated in the decades since we treated her.

4.1 Extreme adipose tissue insulin resistance (Adipo-IR) at the core of CGL?

Insulin action on the adipocyte stimulates adipogenesis and lipogenesis while 
inhibiting lipolysis. Extreme insulin resistance in the adipose tissue (Adipo-IR) 
should severely reduce adipogenesis and lipogenesis. At the same time, Adipo-IR 
should increase lipolysis, leading to an “empty adipocyte” syndrome. It is conceivable 
that glucocorticoid action on the adipocyte somehow mediates Adipo-IR. Once the 
adipocyte becomes triglyceride-depleted, leptin secretion should severely fall, result-
ing in hypoleptinemia. The latter may lead to adrenal hyperactivity (as seen in murine 
models of CGL), resulting in hypercorticosteronemia [12]. In patients with CGL, 
the hypothetical high circulating free cortisol levels (elevated serum total cortisol 
levels plus hyperinsulinemia-induced low transcortin levels) would perpetuate the 
increased lipolysis.



Evolving Concepts in Insulin Resistance

170

Adipo-IR is present at both extremes of adipocyte’s triglyceride storage: triglyceride-
replete adipocytes and empty adipocytes (as seen in obesity and CGL, respectively). 
In both cases, ectopic triglyceride storage in lean organs (liver, muscle, pancreatic beta 
cell, and skin) replaces further adipocyte triglyceride storage. Lipotoxicity in the liver 
increases the hepatic glucose output. Lipotoxicity in muscles reduces their insulin-
mediated glucose uptake. Finally, beta-cell lipotoxicity induces cell apoptosis. The 
degree of lean tissue lipotoxicity is severe in CGL patients with “empty adipocytes.” 
By contrast, in obese subjects, lipotoxicity is considerably lighter (triglyceride-replete 
adipocytes). If mifepristone administration ameliorates Adipo-IR, it is logical to expect 
a metabolic improvement of both CGL and obesity.

4.2 Mifepristone and adipose tissue insulin sensitivity

We know that mifepristone improves glucose tolerance and insulin sensitivity in 
patients with Cushing’s syndrome [25]. However, the specific effect of the drug on 
adipose tissue’s insulin sensitivity had remained unexplored. In 2021, an NIH group 
reported that mifepristone improves adipose tissue insulin sensitivity in insulin-resistant 
individuals [26]. Sixteen overweight or obese subjects with prediabetes or mild type 2 
diabetes (without Cushing’s syndrome) received either mifepristone (200 mg/day; 
50 mg 4 times a day) or placebo for 9 days with a washout period of 8 weeks. At baseline 
and following mifepristone and placebo administration, the subjects had a 75-g OGTT 
and a frequently sampled intravenous glucose tolerance test (FSIVGTT). Whole-body 
insulin sensitivity was estimated on these subjects calculating three indices: Insulin 
Sensitivity Index (SI), Matsuda index (MI), and Oral Glucose Insulin Sensitivity Index 
(OGIS). These indices were not modified by mifepristone 200 mg daily. However, there 
were significant improvements in the adipose tissue insulin resistance index (Adipo-IR 
index) (a surrogate marker of fasting adipose-tissue insulin resistance, calculated as the 
product of fasting insulin and fasting free fatty acids) and in the adipose tissue insulin 
sensitivity index (Adipo-SI index, defined as the ratio of the slope of the linear decrease 
in natural log transformed free fatty acids during the first 90 minutes of the FSIVGTT 
and the area under the curve of serum insulin during that 90-minute period) [26]. In 
addition, mifepristone increased insulin clearance but did not modify either insulin 
secretion or beta-cell glucose sensitivity. Mifepristone use reduced fasting serum glu-
cose, insulin, and triglycerides. Also, the areas under the curve of daily serum ACTH and 
cortisol values were significantly higher during mifepristone administration. Urinary 
free cortisol values also rose significantly. Thus, mifepristone 200 mg/day (divided 
into four 50-mg daily doses) administered to 16 insulin-resistant subjects reproduced 
our findings using 600 mg daily (divided into three 200 mg doses): serum and urinary 
cortisol values rose, while serum glucose, insulin, and triglyceride values fell.

Therefore, mifepristone (600 mg/day) should have improved the adipose tissue 
insulin sensitivity in our patient. Since we did not measure serum FFAs, we can-
not evaluate the Adipo-IR index in our patient. However, using a raw estimation 
of adipose tissue’s insulin resistance—the product of insulin (mU/L) times fasting 
triglycerides (mg/dL), we obtain the following results: mifepristone alone: at baseline, 
>2,960,000; 9th week, 4936; mifepristone plus ketoconazole combination therapy: 
first day, 4560; 7th day, 1610. As a reference, a person with a fasting serum insulin 
value of 13 mU/mL and 150 mg/dL of fasting triglycerides would have a calculated 
value of 1950 for this parameter. Therefore, this raw estimation of the adipose tissue’s 
insulin resistance shows a strikingly positive effect of mifepristone, which is further 
reinforced by the addition of ketoconazole (>99.9% reduction).
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A recent Chinese study on the Adipo-IR index and metabolic syndrome [27] 
reported mean data from six groups of subjects (three groups for each sex) on insulin 
and triglyceride values. These data allowed us the calculation of our raw adipose tissue 
insulin resistance index in 20 control females (612.4), 26 obese women without meta-
bolic syndrome (1165.0), and 85 obese women with metabolic syndrome (3017.9). 
There was a strong, positive correlation of 0.958 between their published averaged 
Adipo-IR indices and their corresponding calculated raw Adipo-IR indices.

So, this proposed raw estimation of adipose tissue insulin resistance should be helpful 
in the clinical setting. Both a serum fasting triglyceride value >130 mg/dL and a serum 
fasting insulin value >13.2 mU/L suggest the presence of insulin resistance. Therefore, a 
value above 1716 (13.2 times 130) for this raw index would strongly indicate the presence 
of adipose tissue insulin resistance. Likely, values for this surrogate index in non-insulin-
resistant individuals should be less than 1000 (corresponding to a serum insulin value 
around 7.5 mU/L and a serum triglyceride value around 130 mg/dL).

4.3 Adrenalectomy and insulin resistance

When we received this patient, we knew that patients with Addison’s disease 
were lean, insulin-sensitive, and prone to hypoglycemia. On the contrary, patients 
with Cushing’s syndrome are obese, insulin-resistant, and prone to hyperglycemia. 
Glucocorticoids promote both obesity and insulin resistance, thus deteriorating 
diabetes control. By contrast, adrenalectomy benefits diabetes control in patients with 
Cushing’s syndrome. Of course, we did not know in 1988 that adrenalectomy would 
improve diabetes in A-ZIP/F1 lipoatrophic mice [12]. Adrenalectomy in this murine 
model of CGL ameliorates liver and muscle insulin sensitivity. The fact that mice 
lacking leptin synthesis or leptin action (ob/ob and db/db mice, respectively) are both 
obese and insulin-resistant [28] suggests that leptin action somehow protects them 
from insulin resistance. The beneficial effects of adrenalectomy in rodents lacking 
leptin action [29] indicate that the adrenal gland is necessary for these mice to develop 
insulin resistance. In summary, we need to find the intermediate steps between insuf-
ficient leptin action and insulin resistance. In experimental animals with hypolepti-
nemia, the adrenal gland appears to mediate the development of insulin resistance.

4.4  The new knowledge on Berardinelli-Seip syndrome and its relationship with 
leptin

The clinical and metabolic improvements observed in our patient during the anti- 
glucocorticoid intervention were beyond our expectations. The significant weight gain 
of our patient is encouraging and particularly intriguing. It suggests de novo storage of 
triglycerides in the patient’s fat depots. If this latter supposition is true, then one wonders 
whether the supposedly much-reduced leptin and adiponectin levels at baseline rose when 
fat progressively accumulated within the adipocytes during anti-glucocorticoid therapy. 
Future research will probably answer these intriguing questions. Although we realized 
that the anti-glucocorticoid therapy notoriously improved the abnormal adipocyte 
physiology of our patient, we did not disclose the mechanism(s) involved. In any case, the 
beneficial effects of the anti-glucocorticoid treatment support the notion of a detrimental 
action of endogenous cortisol on the adipocyte physiology in this CGL patient.

Now, we can attempt to offer a rational explanation concerning the effects of mife-
pristone in our patient with Berardinelli-Seip Syndrome. Nowadays, we know several key 
pieces of crucial importance, such as the discovery of leptin and its functions [9]. A key 
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concept is that leptin exerts an inhibitory effect on the hypothalamic–pituitary–adrenal 
axis [30]. Moreover, the loss of leptin-induced inhibition of the hypothalamic–pituitary–
adrenal axis provokes gross metabolic dysfunctions. For instance, hepatic gluconeogen-
esis is largely augmented in murine models of poorly controlled type 1 diabetes, having 
severely low insulin levels [31]. Shortly after leptin discovery, it was evident that CGL 
patients exhibited severe hypoleptinemia [32]. In 1998, the new era of transgenic mice 
with lipoatrophic diabetes introduced revolutionary concepts in the field [7, 8]. The less 
fat-deficient mice responded well to leptin treatment, whereas the severely fat-devoid 
A-ZIP/F1 mice responded poorly. These mice exhibit hypercorticosteronemia, indicating 
an overactivity of their adrenal axes. Intravenous leptin infusions reduce adrenal gland 
overactivity in these mice. When these A-ZIP/F1 mice were adrenalectomized to abate 
their hypercorticosteronemia, they experienced significant increments in peripheral and 
hepatic insulin sensitivity [12]. Again, another piece of evidence is that an adrenal gland 
is necessary for these leptin-deficient mice to develop diabetes.

Patients with CGL treated with recombinant leptin usually respond well to the 
hormone [4]. To our knowledge, nobody has yet reported that patients with CGL have 
an overactive adrenal axis, in parallel with the findings observed in murine models of 
CGL. Unfortunately, it did not occur to us to evaluate the hypothalamic–pituitary–
adrenal axis before the trial began. On the other hand, transcortin (also known as 
CBG or corticosteroid-binding globulin; the protein produced in the liver that trans-
ports cortisol in the blood) expression is reduced by hyperinsulinemia [33]. Patients 
with CGL should theoretically exhibit high levels of serum free cortisol secondary to 
both hypoleptinemia-induced adrenal gland overactivity and low transcortin levels 
(due to hyperinsulinemia-induced reduction in hepatic secretion of transcortin).

If leptin deficiency in humans indeed results in the lack of leptin-mediated 
inhibition of the hypothalamic–pituitary–adrenal axis, a logical consequence of this 
hormonal deficiency would be the overactivity of the adrenal glands. This situation 
would be revealed either by high serum total or free cortisol levels, paralleling the 
hypercorticosteronemia of leptin-deficient rodents. Lipolysis in insulin-resistant 
subjects should increase due to resistance to insulin-induced HSL inhibition. If the 
adrenal axis becomes overactive, the permissive role of cortisol on HSL activation 
should increase. A foreseeable result of this phenomenon is an enhanced lipolysis. 
The high efflux of FFAs and glycerol in the blood will increase hepatic gluconeogen-
esis, thus impairing glucose homeostasis. Under this situation, triglycerides would 
migrate from the adipocytes (normotopic storage) into lean organs (ectopic storage). 
Fat relocation should produce a “triglyceride-depleted adipocyte.” On the other hand, 
fat relocation and ectopic fat accumulation should reduce leptin secretion and induce 
lipotoxicity in lean organs such as the liver, skeletal muscles, and endocrine pancreas.

5. Conclusions

a)  If hypoleptinemia drives adrenal axis hyperactivity in CGL (Figure 3), three 
interventions (recombinant leptin, anti-glucocorticoids, and bilateral adrenalec-
tomy) should reduce fat exposure to cortisol action in CGL patients (Figure 4). 
Moreover, on the horizon, the nonpeptide, oral ACTH antagonist CRN04894 [34] 
might become a promising therapeutic alternative. If ACTH antagonists reach 
the market and prove safe for chronic use, administration of these drugs in CGL 
patients may be beneficial due to their adrenal-blocking properties.
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Figure 3. 
Potential pathophysiological mechanisms underlying the hypoleptinemia-induced hyperactivity of the 
hypothalamic–pituitary–adrenal axis (adrenal axis, for short) and subsequent unrestrained adipose tissue 
lipolysis. Since leptin restrains the hypothalamic–pituitary–adrenal axis, any cause of severe hypoleptinemia 
(CGL, severe hypoinsulinemia of diabetic ketoacidosis, and prolonged fasting) should result in an overactive 
adrenal axis. Fat exposure to excess serum cortisol should stimulate adipocyte hormone-sensitive lipase (HSL) and 
increase lipolysis. Abbreviations: FFA, free fatty acids; TG, triglycerides.

Figure 4. 
Predicted therapeutic interventions aimed at reducing fat exposure to excessive cortisol levels in patients with 
Berardinelli-Seip syndrome (congenital generalized lipodystrophy). According to our hypothesis, adrenalectomy 
(a), anti-glucocorticoid therapy (b), and leptin replacement (c) should result in a restrained activity of the 
hypothalamic–pituitary–adrenal axis (adrenal axis, for short), reducing fat depots exposure to free cortisol 
levels. The same effects should result from using future ACTH antagonists (d). Consequently, any of these four 
interventions should diminish the degree of lipolysis. In turn, reduced lipolysis should ameliorate ectopic fat storage 
in lean organs (liver, muscle, pancreatic beta cells, and skin), improving tissue insulin sensitivity. Abbreviation: 
ACTH, adrenocorticotropic hormone; FFA, free fatty acids.
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b)  Mifepristone is not suitable for patients with CGL, since it induces adrenal axis 
overactivity. This fact anticipates complications such as adrenal hyperplasia and 
hypercortisolemia-induced hypermineralocortisolism.

c)  Bilateral, total adrenalectomy might become a feasible therapeutic alternative 
for CGL patients. Currently, laparoscopic adrenalectomy entails a low long-term 
risk to patients. Adrenalectomized patients are perfectly able to manage their 
hormone replacement therapy.

d)  The exact mechanism by which anti-glucocorticoid therapy resulted in the 
notable metabolic improvement observed in our patient remains unknown and 
should be investigated. Simultaneous defects in adipogenesis, lipogenesis, and 
lipolysis may cause lipodystrophy in patients with CGL. “Runaway lipolysis” by 
itself as the single culprit of lipodystrophy remains an unproven possibility.

e)  The storage of fat in adipose tissue depends on the correct functioning of 
adipogenesis, lipogenesis, and lipolysis, working as a whole process. It may be 
plausible that a failure in just one of these three elements is sufficient to derange 
the whole process, leading to lipodystrophy.

f)  An urgent task is to study the status of the adrenal axis in patients with 
untreated CGL. If this axis turns out to be overactive, future clinical trials with 
anti-glucocorticoids in patients with CGL are warranted.
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