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a B S T  r a c T
insulin resistance (ir) is a condition where insulin-targeted tissues (muscle, liver, and adipose tissue) fail to normally 
respond to insulin action, leading to impaired insulin signaling and hyperglycemia. it is common in individuals with 
obesity and diagnosed with type 2 diabetes mellitus (T2dM), with the most prevalent disorders being polycystic ovarian 
syndrome and coronary artery disease. ir is also associated with cardiovascular risk factors such as hypertension and 
dyslipidemia. current methods for detecting and measuring insulin sensitivity include the oral glucose tolerance test, 
insulin tolerance test, hyperinsulinemic-euglycemic clamp. Therapies for treating and preventing ir includes physical 
activity, diet modifications, and medications like Glucagon-like peptide-1 receptor agonists, gliclazide and metformin. 
This review aims at deciphering the molecular mechanisms and factors contributing to ir, potential clinical practices for 
measuring ir, medications for treating T2dM and the physical activity and dietary measures for controlling ir.
(Cite this article as: dey S, roy PS, Mendonca a, gawande V, acharjee a, Manoharan V, et al. an overview of 
insulin resistance: from molecular mechanisms to medical interventions. Minerva endocrinol 2025 Dec 19. doi: 
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The endocrine hormone, insulin is secreted by
the pancreatic β-cells. It facilitates the deliv-

ery of glucose from the blood into tissues. Insu-
lin resistance (IR) is a condition with impaired 
pathological target tissue response to insulin ac-
tivity, mainly the muscle, liver, and adipose tis-
sue. Prof. Wilhelmina Faltu coined the term “in-
sulin resistance” in 1931, and Sir Harold Percival 
Himsworth reaffirmed it in 1936.1 It’s interest-
ing to note that insulin therapy was introduced 
in 1922. Theoretically, IR is defined as a patho-
physiological condition in which cells either do 
not respond to insulin stimulation or respond by 
suppressing the expression of insulin receptors 
in response to hyperinsulinemia. IR inhibits the 
absorption of glucose, leading to compensatory 

increase in the growth and production of β-cells 
and insulin. Consequently, this results in a condi-
tion known as hyperinsulinemia. Various factors 
have been proposed as potential causes of IR, in-
cluding genetic abnormalities or mutations in the 
genes responsible for insulin action, an increase 
in visceral adiposity, and fetal malnutrition.2 IR 
is regarded as the root cause of several illnesses, 
such as polycystic ovarian syndrome (PCOS), 
type 2 diabetes mellitus (T2DM), metabolic syn-
drome (MetS), fatty liver disease, and coronary 
artery disease (CAD). Currently, there is no de-
finitive explanation for the association between 
IR and the underlying clinical conditions (Sup-
plementary Digital Material 1: Supplementary 
Figure 1).
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est rate, while European nations have the lowest 
rates, with 39.1% and 15.5% of their populations 
suffering from IR, respectively.6 Interestingly, a 
report by Davids et al. suggested a decrease in 
the prevalence of IR in the South African popula-
tion from 24.8% in 2009 to 16.9% in 2016.7

Diseases associated with IR

T2DM

IR is a contributing factor to T2DM. Inadequate 
insulin response from insulin-sensitive tissues 
leads to obesity.8 The major problem with T2DM 
is IR, which diminishes skeletal muscle func-
tion and glucose transport. Glucose transporter-4 
(GLUT-4) plays a crucial role in the regulation 
of glucose transport. It facilitates the transport of 
glucose from blood vessels to transverse tubules 
(T-tubules) and the plasma membrane. This pro-
cess is facilitated by insulin and leads to increased 
glucose transport in skeletal muscle (Figure 1).9 
Factors such as insulin signaling, the role of Akt, 
and its substrate AS160 have been implicated in 
GLUT-4 translocation-mediated IR.

In insulin receptor substrate (IRS)-mediated 

Prevalence of IR

As per the recommendations made by the Nation-
al Cholesterol Education Program Adult Treat-
ment Panel-3, approximately 24% of US individ-
uals >20 years old are insulin resistant, which is 
more common in older people and will increase 
in prevalence as the population ages.3 A study 
conducted in post-pubertal urban Asian Indian 
children showed that the prevalence of high lev-
els of IR is correlated to excessive body fat, ex-
cess truncal subcutaneous fat, and abdominal ad-
iposity.4 A recent study for identifying predictors 
of IR was conducted on school children in urban 
India. Out of 545 children, 383 were overweight 
and 162 had obesity. About 22.2% of children 
exhibited HOMA-IR (Homeostatic Model As-
sessment of Insulin Resistance) values of ≥ 3.16 
and 32.3% of children exhibited HOMA-IR≥2.5, 
respectively. Also, low high density lipoprotein 
(HDL) cholesterol, high triglyceride, increased 
waist circumference, and increased blood pres-
sure in children with increased IR.5 IR affects 
around 46.5% of the global population, with 
Lebanon having a prevalence of 44.6% among 
their populations. Thailand has the second-high-

Figure 1.—Demonstration of GLUT-4 vesicle trafficking as well as activation of the GLUT-4 transporter that may cause 
insulin resistance in skeletal muscle in type 2 diabetes mellitus and obesity.
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tion through distinct alterations in Akt expres-
sion and activation. GLUT-4 transport is there-
fore altered by the regulation of both pAkt and 
PKCλ/ζ.12

CAD

The majority of research on IR has focused on 
its role in the development of type 2 diabetes 
and cardiovascular disease (CVD). Numerous 
physiological changes, such as elevated apolipo-
protein (apo)-B concentrations, increased low-
density lipoprotein (LDL) cholesterol, reduced 
HDL cholesterol (<1.03 mmol/L in men, <1.29 
mmol/L in women), total cholesterol and hy-
pertriglyceridemia (≥5.6 mmol/L), visceral adi-
posity (including central obesity-maternal waist 
circumference ≥90 cm in males and ≥80 cm in 
females), and characteristic dyslipidemia are as-
sociated with IR and CVD.13

Several cohort studies have demonstrated that 
hyperinsulinemia is significantly related to CAD, 
culminating in the discovery of a relationship 
between IR and atherosclerosis in the Insulin 

insulin signaling pathway, when insulin binds to 
insulin receptor, several reactions occur, includ-
ing receptor autophosphorylation and tyrosine 
phosphorylation which recruits and phosphory-
lates IRS.10 IRS proteins initiate the PI3K–Akt 
pathway by activating Phosphoinositide 3-kinase 
(PI3K). PI3K regulatory factors phosphorylate 
phosphatidylinositol 4,5-bisphosphate (PIP2) 
and membrane phospholipids at the 3’ position. 
In turn, Akt/protein kinase B (PKB) and arche-
typal protein kinase C (PKCλ/ζ) are activated by 
this mechanism, further leading to the activation 
of 3-phosphoinositide-dependent protein kinases 
(PDK-1 and PDK-2) (Figure 2).11 Studies have 
shown that different tissues, types, and subtypes 
respond differently to the effects of insulin on 
Akt isoforms (Akt1, Akt2 and Akt3). Among the 
3 Akt isoforms, Akt2 is widely expressed, in-
cluding high expression in tissues responsive to 
insulin-stimulated glucose transport, such as the 
skeletal muscle and adipose tissue.

In type 2 diabetes, tissues such as liver, muscle 
and adipose tissue become resistant to insulin ac-

Figure 2.—Insulin binds to the insulin receptor and the activated receptor enhances phosphorylation of IRS-1. IRS-1 acti-
vates PI3K pathway by catalyzing the formation of PIP3 in response to a stimulus and permits for recruitment of AKT and 
Phosphoinositide-dependent protein kinases (PDK-1, 2), core mediators of PI3K pathway and promotes gluconeogenesis, 
glucose synthesis and uptake. IRS-1, further activates the Ras pathway leading to cell growth and differentiation.
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patients, after adjustment for parameters such as 
age, sex, blood pressure, LDL and HDL choles-
terol, triglyceride levels, smoking, exercise, and 
other relevant factors.17 IR is considered to be 
linked to higher triglyceride and LDL cholesterol 
levels as well as lower HDL levels (Figure 3). 
These atherogenic lipids are the cause of several 
cardiovascular hazards. MetS elevates the risk of 
coronary heart disease (CHD) independent of di-
abetes. MetS elevates the risk of CHD in adults, 
regardless of diabetes status, with the maximum 
risk occurring when both conditions coexist. In-
dividuals with diabetes and MetS exhibited the 
highest prevalence of CHD (19.2%). The MetS 
was linked to a 13.9% increase in CHD risks, 
even in the absence of diabetes. Individuals with-
out MetS exhibited the lowest rate of CHD, irre-
spective of diabetes status.18 Consequently, per-
sons with MetS who do not have diabetes exhibit 
a significant risk of CHD.

Metabolic syndrome

Metabolic syndrome (MetS) is a collection of car-
diometabolic risk factors that includes IR, obesi-

Resistance Atherosclerosis Study (IRAS).14 Ath-
erosclerosis is a significant factor that leads to 
substantial macrovascular and peripheral effects 
in people with or without T2DM, such as CAD. 
Hyperglycemia and glucose intolerance lead to 
rapid production of advanced glycation end prod-
ucts (AGEs). To directly induce atherosclerosis, 
AGEs interact with AGE-binding receptors by 
modifying the function of macrophage, endothe-
lial, and smooth muscle cells.15 Through a vari-
ety of mechanisms, such as modifications to the 
classic risk factors for CVD and downregulation 
of insulin signaling genes, IR speeds up the for-
mation of atherogenesis and plaques. A study in-
volving 130,681 healthy individuals and 63,746 
patients with CAD revealed that lipid metabolism 
and inflammation have a role in coronary athero-
sclerosis. This research further substantiates the 
involvement of IR in the etiology of CAD.16 It 
has been demonstrated that IR might indicate 
the development of risk factors for CVD, such 
as hypertension. In the San Antonio Heart Study, 
a correlation was shown between HOMA-IR, in-
sulin levels and the risk of CVD in non-diabetic 

Figure 3.—Increased flow of FFAs from adipose tissue to the liver is the primary driver of the dyslipidemia and insulin resis-
tance mechanisms. Increased triglyceride synthesis in the liver is facilitated by FFAs, and this results in the release of VLDL. 
The secretion of Triglycerides in kidney leads to the release of HDL, which further leads to clearance, and LDL.
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hyperandrogenism symptoms worse, creating 
a vicious cycle that encourages the growth of 
PCOS. Hyperinsulinemia and peripheral IR are 
two key components of the metabolic disease 
that define PCOS. Compared to similarly hy-
perandrogenic women with normal cycles, and 
PCOS women with amenorrhea or anovulatory 
menses exhibit significantly more pronounced 
issues in insulin secretion and action.23 The 
levels of muscle mass, body corpulence distri-
bution (torso vs. lower extremity), and obesity 
collectively have significant impacts on insulin 
sensitivity.24 Changes in these parameters may 
contribute to the development of IR in PCOS.

Obesity

Being overweight poses a serious risk of devel-
oping IR, which can lead to T2DM and cardi-
ac-related problems. Numerous hormone sys-
tems, infections, neurological, and cell-innate 
mechanisms have been shown to be impaired 
in obesity during the past ten years. A complex 
combination of these factors is what drives the 
pathophysiology of IR. Randle et al. rational-
ized that increased circulating fatty acids (FAs) 
and glucose competing with each other for oxi-
dative metabolism in insulin-positive cells can 
instigate obesity, leading to IR (Figure 4).25 
Obesity-associated IR can occur through the ac-
tivation of FAs and several metabolites such as 
acyl-CoAs, ceramides, and diacylglycerol, that 
serve as potential signaling molecules, that fur-
ther cause the nuclear factor-B (NF-B) kinase 
(IKK) inhibitor, c-Jun N-terminal kinase (JNK), 
and PKC to become active. With the increase in 
the serine phosphorylation of IRS, these protein 
kinases tend to impair insulin signaling and act 
as key advocates of insulin receptor signaling.26 
Adipocytes, or the secretion of adipokines, have 
a crucial role in inducing obesity-associated IR. 
Studies show that leptin, an adipocyte hormone 
that elevates adipose weight in obesity, could 
further alter adipokines that eventually regulate 
insulin sensitivity. IR and obesity have been dis-
covered to increase the inflammatory adipokine 
plasminogen activator inhibitor-1 (PAI-1).27 
Expressions of interleukin-6 (IL-6) in skeletal 
muscle were found to have a positive correlation 
with obesity, impaired glucose intolerance, and 

ty, hypertension, dyslipidemia and T2DM.19 The 
development of MetS appears to be preceded by 
increased IR. MetS is clinically diagnosed when 
a minimum of three of the following abnormali-
ties are present: increased fasting blood glucose, 
increased triglyceride levels, reduced HDL cho-
lesterol, elevated resting blood pressure, and ab-
dominal (visceral) obesity. These signs signify 
underlying pathophysiological dysfunction, of-
ten linked to persistent low-grade inflammation, 
oxidative stress, endothelial dysfunction, and 
adipokine imbalance.

IR is pivotal to this cluster, resulting in el-
evated hepatic glucose production (HGP), aug-
mented lipolysis in adipose tissue, and dimin-
ished nitric oxide–mediated vasodilation. This 
malfunction gradually results in diminished 
glucose tolerance and the onset of T2DM. Fur-
thermore, IR fosters an atherogenic lipid profile 
and vascular rigidity, so demonstrating a clear 
link between MetS and increased cardiovascular 
morbidity and death.20

Abdominal obesity plays a vital mechanistic 
role, acting as both a regulator of energy ho-
meostasis and an endocrine organ that releases 
pro-inflammatory cytokines including TNF-α 
and IL-6. These cytokines further disrupt insu-
lin receptor signaling and lipid metabolism.21 
Mitochondrial dysfunction and compromised 
adiponectin signaling intensify the metabol-
ic burden. Recent research underscores that 
MetS should be considered an independent and 
unique risk factor for both T2DM and CVD, 
rather than a subsequent phenomena. Timely 
detection and focused intervention are crucial 
for effective preventive measures in cardiomet-
abolic health.

PCOS

The most prevalent endocrine illness, PCOS, 
influences 8-13% of women of childbearing age 
and is marked by polycystic ovaries, hyperan-
drogenism, IR, obesity, T2DM, and persistent 
oligo-anovulation. Hyperandrogenism is the 
most prominent clinical symptom of PCOS. 
Through intricate pathways, excess androgen 
has a substantial impact on granulosa cell ac-
tivity and follicular growth, which can result in 
obesity and IR.22 However, obesity and IR make 
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Mechanisms involved in IR

The Randle Cycle

The Randle cycle, also known as the glucose-fatty 
acid cycle, was initially postulated by Randle et al. 
in 1963.25 According to this theory, fatty acid oxi-
dation restricts the amount of insulin-stimulated 
glucose that skeletal muscle can absorb, leading to 
lipid-induced IR, which is characterized by a defi-
cit in glucose uptake. By undergoing β-oxidation, 
which eventually renders pyruvate dehydroge-
nase inactive, fatty acid oxidation can upregulate 
mitochondrial acetyl coenzyme A (acetyl-CoA). 
By blocking phosphofructokinase and raising the 
quantity of intracellular citrate, this inactive pyru-
vate dehydrogenase would raise the concentration 
of intramyocellular glucose-6-phosphate (G6P). 
This will then limit hexokinase activity, lead-
ing to the buildup of intramyocellular glucose as 
well as decreased glucose absorption. Moreover, 
several experimental outcomes consistently dem-
onstrated that, as a result of receiving fatty acid 

IR. The insulin-dependent tyrosine phosphory-
lation of the insulin receptor remained unaltered, 
whereas the tyrosine phosphorylation of IRS-1 
was inhibited followed by increased expression 
of Suppressor of Cytokine Signaling-3 (SOCS-
3).28 Adipokine retinol-binding protein-4 
(RBP4), majorly present in the liver as well as 
adipose tissue, contributes to obesity as well as 
IR through the impairment of insulin-regulated 
glucose intake in muscles and increased HGP.29 
Elevated endogenous 11-hydroxysteroid dehy-
drogenase type 1 (11-HSD1), which has been 
seen in the adipose tissue of obese humans and 
animals, may play a role in obesity-related IR 
through the portal vein because of the increased 
circulation of glucocorticoids to the liver.30 Spe-
cifically in mouse adipose tissue, transgenic 
overexpression of 11β-HSD1 leads to the devel-
opment of IR, visceral obesity, and diabetes.31 
IR linked to visceral adiposity may potentially 
be caused by further molecular variations be-
tween visceral and peripheral fat.

Figure 4.— Insulin resistance is fueled by obesity, which in turn encourages the emergence of T2DM, CAD, PCOS, Inflam-
mation and cell degeneration. Similar to how insulin resistance occurs when adipokines and cytokines are elevated in the 
liver, increasing fatty acid and glucose absorption for oxidative metabolism in the pancreas can impact the components that 
lead to the development of insulin resistance.

Adipokines 
and cytokines 

increase

Obesity

Increase  
in blood glucose

Insulin resistance

Increase  
in fatty acids

Inflammations PCOS T2DM CAD Cell dysfunction



AN OVERVIEW OF INSULIN RESISTANCE	DEY

Vol. 50 - No. ??	 Minerva Endocrinology	 7

more, animals with elevated glutamine: fructose-
6-phosphate amidotransferase (GFAT) in skeletal 
muscle and adipose tissue had higher levels of 
general IR, as demonstrated by a decrease in glu-
cose clearance. Unexpectedly, it was shown that 
mice with skeletal muscle-specific O-GlcNAc 
transferase (OGT) knockouts given a high-fat 
diet (HFD) had low plasma glucose levels and 
impaired glucose tolerance.36 In addition, the 
overexpression of O-GlcNAcase (OGA) and the 
improvement of overall glucose tolerance in db/
db mice can be achieved by inhibiting OGA us-
ing O-(2-acetamido-2-deoxy-D-glucopyranosyli-
dene) amino-N-phenylcarbamate (PUGNAc) and 
by removing O-GlcNAc from proteins using O-
GlcNAcase.37 It was observed among Pima Indi-
ans and Mexican Americans that single nucleotide 
polymorphisms (SNPs) in the human OGA homo-
log meningioma-expressed antigen 5 (MGEA5) 
were associated with the onset of T2DM.38

The most enticing theory for why HBP occurs 
in IR involves O-GlcNAcylation, although the mo-
lecular processes are still poorly understood. It has 
been suggested that the O-GlcNAcylation of pro-
teins may outcompete phosphorylation for sites, 
thereby regulating the function of the protein along 
with signal transduction.39 O-GlcNAc is specifical-
ly changed by insulin signaling pathway elements 
such as PDK1, PI3K, Akt, and IRS-1/2. It has been 
shown that the protein Munc18-c (mammalian 
uncoordinated-18c) is altered by O-GlcNAc in re-
sponse to glucosamine-induced IR, which is neces-
sary for insulin-stimulated GLUT-4 translocation. 
Additionally, it has been discovered that diabetes 
causes Forkhead box protein O1 (FOXO1), a key 
transcriptional modulator of liver-specific gluco-
neogenic genes, to become O-GlcNacylated.40

Despite growing evidence that suggests that 
HBP contributes to IR, the argument persists. 
The administration of the OGA antagonist 1,2-di-
deoxy-2’-propyl— -glucopyranoso-[2,1, D]-2’-
thiazoline (NButGT) to 3T3-L1 adipocytes did 
not result in the development of IR, as evidenced 
by the absence of impaired glucose uptake and 
Akt phosphorylation. The differences between 
the activities of HBP in vitro and in vivo indicate 
the need for more comprehensive and systematic 
approaches utilizing in vivo systems to elucidate 
HBP functionality and the etiology of IR.

infusions, the rat heart and diaphragm muscles 
showed persistently higher intramyocellular con-
centrations of G6P and reduced myocellular glu-
cose consumption. According to the glucose-fatty 
acid cycle, FAs must speed up the formation of 
G6P and glycogen by inhibiting glycolysis. How-
ever, the consequences of increased plasma FAs 
result in decreased G6P levels in healthy indi-
viduals and the development of IR.32 Also, it was 
shown that T2DM patients with long-term IR had 
reduced glucose oxidation and muscle glycogen 
production in response to insulin. These inves-
tigations show that not all defects of IR can be 
entirely explained by the glucose-fatty acid cycle.

Hexosamine biosynthesis pathway

It is important to observe that the levels of acetyl-
CoA and citrate in muscle have been rising si-
multaneously with increased fat oxidation. This 
suggests the existence of another pathway that in-
dependently regulates muscle G6P levels to con-
trol glucose transport. It should be noted that the 
glucose-fatty acid cycle alone is not enough to 
explain the development of IR caused by lipids. 
The hexosamine biosynthesis pathway (HBP) ad-
ditionally facilitates IR. The rate-limiting enzyme 
of HBP, glutamate:fructose-6-phosphate amino-
transferase, converts 5% of fructose-6-phosphate 
to glucosamine-6-phosphate. Fructose-6-phos-
phate is mainly produced from G6P and subse-
quently processed into fructose-1,6-bisphosphate 
throughout the glycolytic process.33 Uridine 5’-di-
phosphate N-acetylglucosamine (UDP-GlcNAc), 
the donor sugar nucleotide for the glycosylation 
and O-GlcNAcylation of lipids and proteins, is 
produced from glucosamine-6-phosphate. O-
GlcNAcylation plays a crucial role in regulating 
protein function and its dysregulation is associ-
ated with diseases, including diabetes.

Marshall et al.34 initially proposed that O-
GlcNAcylation influenced insulin sensitiv-
ity. It was later determined that glucosamine 
causes IR. There have been reports indicating 
that elevated levels of UDP-GlcNAc in skeletal 
muscle are associated with both hyperglycemia 
and hyperinsulinemia. Additionally, the cornea, 
pancreas, and skeletal muscle of rats with IR or 
diabetes have shown an increase in O-linked β-N-
acetylglucosamine (O-GlcNAc) levels.35 Further-
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endoplasmic reticulum (ER) stress.43 Prolonged 
ER stress might contribute to β-cell dysfunction 
after years of IR in type 2 diabetic patients. Dys-
function of the unfolded protein response (UPR), 
a complex homeostatic signaling pathway plays 
an important role in diseases such as diabetes. 
In diabetes, the pancreatic β-cells depend on ef-
ficient UPR signaling to meet the demands for 
constantly varying levels of insulin synthesis. 
Recent studies have indicated that the impor-
tance of the UPR in diabetes is not only restricted 
to the β-cell but also to tissues of peripheral IR. 
Inositol-requiring enzyme-1 (IRE1), PKR-like 
ER kinase (PERK), and activating transcription 
factor 6 (ATF6) regulate UPR. The expression 
of IRE1, PERK, and ATF6 occurs as a result of 
the recruitment of glucose-regulated protein 78 
(GPR78, also known as BiP), which inhibits pro-
tein translation, promotes ER chaperones, and 
consequently lowers levels of unfolded protein.44

Upon ER stress BiP dissociates and activated 
PERK phosphorylates eukaryotic translation ini-
tiation factor 2 subunit-α (eIF2α), which leads to 
a transient decrease in protein synthesis and pro-
motes translation of ATF4, which is involved in 
restoring protein homeostasis. IRE1 dimerizes, 
activates its kinase and splices X-box-binding 
protein-1 (XBP-1) mRNA. Active XBP-1 trans-
locates to the nucleus and induces the expression 
of UPR responsive genes. Consequently, meta-
bolic (lipid accumulation, ROS, hyperglycemia) 
and inflammatory stressors (TNF-α) can also act 
on IRE1, activate the serine kinase JNK, leading 
in serine phosphorylation of IRS-1 and impair-
ment of insulin signaling.45

Studies have shown that tunicamycin-induced 
ER stress inhibits insulin signaling by causing 
serine phosphorylation of IRS-1 through the ac-
tivation of JNK.46 Mice lacking XBP-1 exhibited 
hyperglycemia and IR caused by malfunctioning 
of pancreatic cells suggesting the role of XBP-
1 as a transcription factor in the process of ER 
stress.47

Inflammation

Systemic chronic inflammatory response is being 
studied by researchers to better understand how 
inflammation plays a role in obesity-related IR.48 
Pro-inflammatory cytokines can cause IR in adi-

Ectopic lipid accumulation

Although studies have demonstrated that T2DM 
is influenced by obesity, subsequent research 
has demonstrated that ectopic lipid deposition in 
peripheral organs is often the root cause of IR. 
Research has mostly investigated the effect of 
excessive lipid buildup on insulin signaling in 
hepatic and muscular tissues. Specifically, re-
searchers have focused on the decrease in surface 
insulin receptors and the impaired transmission 
of insulin signals, which are commonly observed 
in cases of IR related to obesity. Ceramides, lyso-
phosphatidic acid, acylcarnitines, and diacylglyc-
erol are lipid metabolites that have been shown to 
have a significant role in the development of IR 
in the liver and skeletal muscle. This offers the 
most logical explanation for how the ectopic lipid 
buildup leads to a reduced response to insulin.41

The failure of insulin to suppress lipolysis in 
insulin-resistant adipose tissue, especially vis-
ceral adipose tissue, increases circulating free 
falty acids (FFAs). Elevated concentrations of 
circulating FFAs directly influence hepatic and 
muscular metabolism, thereby worsening IR in 
these tissues and contributing to β-cell dysfunc-
tion induced by lipotoxicity.

Perry et al. conducted studies to examine the 
hypothesis that insulin’s capacity to inhibit li-
polysis in white adipose tissue (WAT) is essen-
tial for the suppression of HGP by diminishing 
fatty acid flux to the liver, which leads to reduced 
hepatic acetyl CoA levels and decreased Pyru-
vate Carboxylase activity, thereby lowering the 
conversion of pyruvate to glucose. Furthermore, 
they investigated that elevated hepatic acetyl 
CoA levels may contribute to increased HGP in 
IR and could link inflammation and macrophage-
mediated lipolysis in WAT with fasting and post-
prandial hyperglycemia.42

The etiology of IR in a high lipid environment 
is swift and well-documented; physical inactiv-
ity fosters IR independent of redox stress or lip-
id-mediated mechanisms, indicating alternative 
mechanisms of action.

Endoplasmic reticulum stress

According to reports, the liver and pancreatic 
cells exhibit IR, which is specifically caused by 
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naling and glucose uptake. ROS-induced oxida-
tive stress activates stress kinases and inflamma-
tory pathways, further exacerbating mitochon-
drial dysfunction and IR.54

Nitric oxide and IR

An important element in IR is nitric oxide (NO). 
By encouraging vasodilation, enhancing blood 
flow to insulin-sensitive organs, and enabling 
glucose absorption via insulin signaling path-
ways, NO generated by endothelial NO synthase 
(eNOS) improves insulin sensitivity. Whereas in-
creased NO from inducible NO synthase (iNOS), 
often elevated in inflammatory conditions, may 
cause oxidative stress and interfere with insulin 
signaling, which can lead to IR.55

Chronic hyperglycemia causes oxidative stress 
in IR and T2DM, which results in an excess of 
ROS that quench NO and disrupt its signaling. 
This leads to “NO resistance,” wherein soluble 
guanylate cyclase (sGC) loses its sensitivity, 
decreasing vascular relaxation and restricting 
the absorption of glucose. Furthermore, protein 
kinase G (PKG) expression and activity are de-
creased by hyperglycemia, which interferes with 
downstream cGMP-PKG signaling and exacer-
bates IR and vascular dysfunction. Moreover, 
NO malfunction exacerbates metabolic imbal-
ance by encouraging endothelial inflammation. 
Through the PI3K/Akt pathway, insulin in turn 
promotes the synthesis of NO; however, this 
route is compromised in insulin-resistant con-
ditions. Potential therapeutic approaches to in-
crease insulin sensitivity by improving vascular 
function and glucose absorption in target tissues 
are provided by restoring NO activity via the use 
of antioxidants, sGC activators, or nitroxyl do-
nors.56

Methods of IR measurement

Measuring IR is critical for identifying the pro-
gression of various disorders. Scientific and epi-
demiological studies investigating disorders such 
as diabetes or CAD would utilize these methods 
to enhance the credibility of their findings and 
the accuracy of their procedures in detecting and 
measuring insulin sensitivity and its resistance 
in blood samples obtained from patients. Based 

pose tissue, skeletal muscle and liver by inhibit-
ing insulin signal transduction. It has been found 
that adipocyte-attracted macrophages release 
cytokines associated with inflammation, such as 
TNF, in diabetic and obese individuals.49 When 
macrophages infiltrate into the adipose tissue as 
an outcome of the overexpression of monocyte 
chemoattractant protein 1 (MCP1, a chemokine 
ligand also known as CCL2), IR and elevated 
TNF secretion are observed. In addition, the de-
letion of MCP1 offered protection against IR in-
duced by HFD.48 Treatment with the C-C chemo-
kine receptor type 2 (CCR2) inhibitor INCB3344 
increased insulin sensitivity and decreased the 
infiltration of macrophages into the adipose tis-
sue. The MCP-1 receptor CCR2 is frequently 
knocked out.50 It is suggested that JNK1 contrib-
utes to IR through its phosphorylation of IRS-1’s 
serine 307.51 IKK, an inhibitor of NF-κB kinase, 
was activated by TNF, and deletion of IKK in 
liver or myeloid cells prevented the development 
of hepatic IR, enhanced insulin signaling, and 
decreased the expression of inflammatory cyto-
kines, demonstrating that IKK may have a role in 
how TNF affects insulin sensitivity. These stud-
ies offer proof that inflammation, or at the very 
least TNF and MCP1, contributes to IR.52

Mitochondrial dysfunction and oxidative stress

Mitochondria are organelles involved in cel-
lular energy production, apoptosis regulation, 
and various metabolic pathways, particularly in 
insulin-sensitive tissues. Oxidative phosphoryla-
tion is the major mechanism by which mitochon-
dria synthesis ATP. Mitochondrial dysfunction 
significantly contributes to the pathogenesis of 
diabetes milletus, resulting in IR, impaired glu-
cose metabolism, and oxidative stress. Excessive 
production of reactive oxygen species (ROS) 
(superoxide anion (O2

•−), hydrogen peroxide 
(H2O2), and hydroxyl radical (•OH)), as by-
products of incomplete electron transfer during 
oxidative phosphorylation, can bypass cellular 
antioxidant defences, inducing oxidative stress 
and cellular damage, leading to mitochondrial 
dysfunction and impairment of insulin signaling 
pathways, ultimately causing IR.53 ROS directly 
interfere with insulin signaling molecules, such 
as IRS proteins, leading to impaired insulin sig-
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radio-labeled glucose to check whether HGP has 
been completely suppressed and, if not, allow for 
the appropriate corrections to be made while de-
termining IR.66 Alternatively, population studies 
suggest that HGP could potentially be complete-
ly avoided by utilizing a sufficiently high insulin 
infusion rate.

Despite the robustness and clarity of the data 
obtained via HEC, the method has limited appli-
cations due to it being time-consuming, expen-
sive, and requiring experienced technicians to 
operate adjustments of the infusion rates in real-
time. These drawbacks suggest that the clamp is 
not suited for daily use in hospitals and clinical 
labs but is more suited for scientific/clinical in-
vestigations or research where the feasibility of 
the test is not relevant.

Insulin Suppression Test

Another direct assessment technique is the In-
sulin Suppression Test (IST), which has a good 
correlation with the HEC gold standard. It was 
originally proposed by Shen et al. in 1970, and 
since then, the procedure has undergone modi-
fications to simplify the test.67 The IST involves 
the suppression of endogenous insulin secretion 
by injecting insulin-suppressing substances like 
somatostatin, octreotide, propranolol, and epi-
nephrine.68 Simultaneously, the patient is also 
infused with insulin and glucose to attain steady-
state conditions, which are assumed to be 150-
180 minutes after the IST has started.

The test provides concentrations for steady-
state plasma glucose (SSPG) and steady-state 
plasma insulin (SSPI), two significant outcomes 
that are quantifiable. Comparing the SSPG is fea-
sible considering the concentrations of the two 
are generally similar among patients. The level 
of IR in patients and the SSPG concentrations are 
inversely correlated. A low SSPG value indicates 
insulin sensitivity, while high SSPG values indi-
cate IR.

Unlike the HEC test, the IST also provides a 
direct measurement of insulin sensitivity and re-
sistance and is comparatively less labor-intensive 
and less technically challenging. Additionally, 
studies have shown that the IST and HEC meth-
ods have a good correlation in terms of the mea-
surement of IR. Several studies have shown that 

on several methodologies, the methods for clas-
sifying IR can be divided into direct or indirect 
methods, with varying levels of complexity for 
each of these.57 The methods are evaluated based 
on their quality, accuracy, and clinical applica-
bility and each test features distinct advantages 
and disadvantages (Supplementary Digital Mate-
rial 2: Supplementary Table I).14, 58-62 Their uti-
lization in particular circumstances and studies 
must be authenticated since certain techniques 
are more appropriate for therapeutic applications 
while others are more suitable for research.

Direct methods of IR measurement

Hyperinsulinemic euglycemic clamp

In the domain of IR measurement, the hyperin-
sulinemic euglycemic clamp (HEC) technique 
is recognized as the gold standard. It was de-
veloped by DeFronzo, Tobin, & Andres in 1982 
for the direct measurement of insulin activity in 
humans.63 The method was designated follow-
ing the objective of maintaining a state of high 
insulin levels (2-3 fold higher than basal insulin 
levels) through continuous intravenous infusion 
of insulin. It also maintains an “euglycemic” 
state through a variable intravenous infusion of 
20% dextrose.64 The induced hyperinsulinemia 
increases glucose disposal into muscle and adi-
pose tissues while also suppressing in vivo HGP.

Given that the approach supposedly inhibits 
glucose production and maintains constant in-
travenous glucose levels through the infusion of 
20% dextrose, the glucose infusion rate (GIR) 
will correspond to the rate at which glucose is 
eliminated. The HEC method allows the quanti-
fication of the glucose disposal rate under given 
hyperinsulinemic conditions.65 A low GIR is rep-
resentative of IR in the patient, as lower amounts 
of glucose are required to maintain euglycemia 
due to impaired glucose uptake and utilization.

The setup for performing HEC involves the 
use of a clinical glucose analyzer and a micro-
dialysis pump. The glucose analyzer provides 
periodic information about plasma glucose lev-
els, which is subsequently used to adjust the GIR 
through the pump. To prevent hypokalemia, pa-
tients are intravenously provided with potassium 
phosphate. Variations of HEC include the use of 
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decline in the slope of plasma glucose concentra-
tions after insulin infusion provides a measure 
of IR.

The potential risk of hypoglycemia is one of 
the major drawbacks of this method. Certain 
regulatory mechanisms may be activated dur-
ing hypoglycemic conditions, created during 
the test, that may alter glucose disposal and ulti-
mately affect the results of the test. To overcome 
this, patients are also injected with glucose 30 
minutes after the initiation of the test to prevent 
glucose concentrations from dropping to hypo-
glycemic levels. Alternatively, a variation of the 
test, referred to as the Short Insulin Tolerance 
Test (SITT), was proposed. The SITT only takes 
into account glucose values obtained by the test 
during the first 15 minutes of sampling. This is 
based on the fact that the regulatory mechanism 
for hypoglycemia only becomes active 15-20 
minutes following the administration of insulin. 
The modification of O-GlcNAc at Akt1 Ser473 
is associated with the programmed cell death of 
pancreatic β-cells in mice.71 However, insulin-
sensitive individuals still face the possibility 
of experiencing hypoglycemia. Therefore, it is 
imperative to utilize this test only after conduct-
ing thorough patient profiling and implementing 
necessary measures. Another drawback attrib-
uted to the test is its inability to differentiate be-
tween hepatic and peripheral IR.

Indirect methods of IR measurement

Minimal model analysis of frequently sampled in-
travenous glucose tolerance test

The frequently sampled intravenous glucose 
tolerance test (FSIVGTT), first introduced by 
Bergman et al. in 1979, employs a simple model 
analysis to get an indirect measurement of insu-
lin activity in subjects based on variations in glu-
cose and insulin levels.72 While the original it-
eration of the test involved the infusion of only a 
bolus of glucose over two minutes, currently ex-
isting variations of the test include the infusion 
of insulin or chemical alternatives that stimulate 
endogenous insulin production and secretion.73

The plasma glucose and insulin levels ob-
tained from blood samples before and after the 
test are fed into the minimal model (MINMOD) 

the IST is suitable for the prediction of the on-
set of age-related disorders and even diabetes.69 
However, despite being simpler than the clamp 
technique, IST involves periodic blood sampling 
as well as constant intravenous infusions of in-
sulin and glucose, making it impractical for use 
in clinical settings or as a point-of-care service.

Rapid Insulin Sensitivity Test

The Rapid Insulin Sensitivity Test (RIST), ini-
tially introduced by Lautt et al. in 1998, is a 
method used to assess euglycemia. This tech-
nique involves using a euglycemic clamp to as-
sess the insulin response in individuals under 
both fed and fasting conditions. Although ini-
tially utilized in animal model studies, the test 
has been modified and adapted for use in human 
subjects.70 RIST is carried out after the intrave-
nous infusion of insulin and outlines the quantity 
of glucose to be released into the individual to 
maintain euglycemia. This allows for the deter-
mination of the RIST index, which is correlated 
with insulin sensitivity/resistance in subjects.

The test has several advantages over other 
IR measurement techniques. Most of the other 
methods require patients to fast before the initia-
tion of the testing. During the fasting state, the 
insulin sensitivity of the subjects would be at its 
lowest as regulatory mechanisms would kick in 
to decrease insulin secretion or activity to pre-
vent lethal hypoglycemia from being induced. 
Nevertheless, RIST can be performed in either a 
fed or fasted condition, rendering it an effective 
method for detecting IR. Furthermore, the test 
may be conducted rapidly, exhibit high sensitiv-
ity, and be quite accurate.

Insulin Tolerance Test

One of the first methods for determining in vivo 
insulin sensitivity and resistance was the Insu-
lin Tolerance Test (ITT). The method involves 
the infusion of a fixed amount of insulin intra-
venously and the collection of blood samples 
both before and after the insulin infusion. The 
decrease in the amount of plasma glucose after 
insulin infusion provides an estimate of IR in 
the subject. An insulin-sensitive patient would 
show a faster decline in plasma glucose levels 
in contrast to an insulin-resistant individual. The 
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fasting state values.76 However, the test has its 
fair share of drawbacks, primarily the method of 
glucose ingestion. Since glucose is being provid-
ed orally for the test, the results are influenced by 
varying rates of gastric emptying. There is also 
a large individual variation in the output of the 
test, showing poor reproducibility, especially in 
patients already afflicted with or at risk for type 
2 diabetes.77

Surrogate indices of IR measurement

Homeostasis Model Assessment

The Homeostasis Model Assessment (HOMA) 
index for the patient is determined using a model 
that relies on measures of fasting insulin and fast-
ing glucose. Based on whether they fall above or 
below the cut-off value for the sample popula-
tion, they may be classified as insulin-resistant 
or sensitive. The original model is referred to 
as HOMA1 and could evaluate and quantify 
IR and β-cell functioning via HOMA1-IR and 
HOMA1-β, respectively. Although this version 
of the model is cost-effective and simple, mak-
ing it attractive for use in large-scale clinical or 
epidemiological studies, it has a few drawbacks. 
Namely, it lacks reliability as it does not take 
into account peripheral variations in glucose re-
sistance or the contribution of proinsulin. These 
drawbacks led to the development of an upgrad-
ed version of the computer-generated model, 
known as HOMA2.

HOMA-IR is a biomarker for T2DM. A study 
indicated that the β-cell function in the high 
HOMA-IR group declined more significantly 
than in the low and moderate HOMA-IR groups, 
implying that those with the highest levels of 
IR experienced more impairment in insulin se-
cretion.78 The Saku study examined IR in 2,209 
non-diabetic adults, revealing that moderate-to-
high variations in HOMA-IR significantly el-
evated the risk of developing type 2 diabetes.79 
This research indicates that a high HOMA-IR 
is linked to the onset of diabetes, even in non-
diabetics.

Quantitative Insulin Sensitivity Check Index

Quantitative Insulin Sensitivity Check Index 
(QUICKI) is an empirically developed math-

computational program, which generates an in-
sulin sensitivity/resistance index based on a pair 
of differential equations that are coupled. In 
terms of the data generated, the FSIVGTT has 
been widely accepted to be quite accurate and 
has even been referred to as the silver standard in 
terms of IR measurement.

A major benefit of this technique is that it can 
also yield values for various parameters involved 
in the differential equations for minimal model 
analysis, such as the activity of β-cells and glu-
cose effectiveness. The FSIVGTT is also sim-
pler to perform than HEC and may be preferable 
over it in larger population studies. However, the 
study is quite labor-intensive as it requires mul-
tiple blood samples throughout the test in addi-
tion to glucose and insulin infusions. The com-
putational aspect of the test also oversimplifies 
several facets of glucose homeostasis, such as 
the subject’s insulin secretory activity. This ul-
timately results in some surrogate indices for IR 
to have better accuracy in determining absolute 
insulin sensitivity indices in subjects.74

Oral Glucose Tolerance Test

Although the Oral Glucose Tolerance Test 
(OGTT) is primarily employed for individuals 
having reduced glucose tolerance, its applicabil-
ity in assessing IR has been demonstrated. The 
methodology for the test involves the oral inges-
tion of glucose in water and the regular sampling 
of blood glucose concentrations. This data alone 
is sufficient for the clinical application of the test, 
wherein the subject can be classified as impaired 
glucose tolerant (IGT) or otherwise. In scientific 
or epidemiological studies that require the quan-
tification of insulin sensitivity, the insulin con-
centrations are also recorded during the test. Us-
ing a predefined equation, the subject’s whole-
body insulin sensitivity can be measured. It has 
also been studied that the OGTT measurement of 
IR correlates well with the HEC method.75

The OGTT test has various benefits com-
pared to both direct and surrogate measures of 
IR. The OGTT equation incorporates both basal 
and post-glucose infusion levels of glucose and 
insulin, making it a more precise measure of 
whole-body insulin resistance/sensitivity com-
pared to surrogate indices, which only consider 
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Biguanides

Biguanides exhibit a specific affinity for the mi-
tochondrial membrane, leading to a modification 
in electron transport and a decrease in the utiliza-
tion of oxygen. It is widely known that metfor-
min can block complex I of the electron transport 
chain.

Metformin

Metformin, with its chemical name and mo-
lecular formula (3-(diaminomethylidene)-1,1-
dimethylguanidine) and C4H11N5, is currently 
the recommended antidiabetic treatment for 
prediabetes, according to the American Diabetes 
Association (ADA). It has various applications 
beyond its primary use, including the manage-
ment of gestational diabetes, weight gain caused 
by antipsychotic medication, the prevention of 
type 2 diabetes, and the treatment and prevention 
of PCOS.94

Metformin decreases the level of glucose in 
the blood, particularly through mechanisms that 
do not involve the pancreas and do not lead to an 
increase in insulin production. It is also termed 
an insulin sensitizer since it increases the insulin 
effect. Metformin inhibits the liver’s synthesis 
of glucose by primarily reducing gluconeogen-
esis and exerting a moderate influence on gly-
cogenolysis. Consequently, metformin triggers 
the activation of the enzyme adenosine mono-
phosphate kinase (AMPK), which leads to the 
suppression of critical enzymes that participate 
in the production of glucose and the production 
of glycogen in the liver. At the same time, it 
enhances the signaling of insulin and the trans-
portation of glucose in muscles. AMPK controls 
the metabolism of cells and organs, and any re-
duction in liver energy triggers the activation of 
AMPK. This work has partially elucidated the 
mechanism by which metformin acts on liver 
gluconeogenesis.95

Sulfonylureas

Sulfonylureas are orally administered medica-
tions that possess a phenyl-sulfonyl-urea struc-
ture, which exerts a hypoglycemic effect. Glicla-
zide, glipizide, glibenclamide (glyburide), and 
glimepiride are being utilized as second-gener-

ematical equation and is a widely used index for 
assessing insulin sensitivity. Higher QUICKI 
readings suggest improved insulin sensitivity, 
whereas lower values show a higher level of 
IR. In those who may not yet exhibit obvious 
symptoms of diabetes or MetS, QUICKI is very 
useful in detecting metabolic dysfunction in its 
early phases. Studies have demonstrated that a 
QUICKI value of approximately 0.382 is typi-
cal for non-obese individuals, 0.331 for obese 
individuals, and 0.304 for those with diabetes, 
reflecting varying degrees of insulin sensitivity.

Advantages of QUICKI include its simplic-
ity, non-invasive nature, and strong correlation 
with the HEC, making it a reliable and practi-
cal option in both clinical and research contexts. 
However, limitations involve variability in nor-
mal ranges between laboratories and the poten-
tial complexity of fasting sample collection in 
large studies. Despite these challenges, QUICKI 
remains a validated, cost-effective tool for esti-
mating insulin sensitivity across diverse popula-
tions.80

Matsuda Index

A popular surrogate indicator for assessing insu-
lin sensitivity, especially when considering car-
diovascular risk, is the Matsuda index. The Mat-
suda index incorporates both fasting and post-
prandial glucose and insulin data from OGTT, 
in contrast to more straightforward fasting-based 
indices. This method offers a dynamic evaluation 
of insulin activity that takes into account the ab-
sorption of glucose in peripheral tissues such as 
skeletal muscle.

Compared to fasting-only indices like HOMA-
IR, the Matsuda index is more accurate since it 
can capture the whole response to insulin. HEC 
has a high correlation with the Matsuda index, 
according to studies.81 Better insulin sensitivity 
is indicated by a higher Matsuda Index, while IR 
is suggested by a lower score.

Therapy for IR and T2DM

The medications and therapies involved for the 
treatment of IR and diabetes have been summa-
rized in Supplementary Digital Material 3, Sup-
plementary Table II.82-93
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Meglitinides

Repaglinide

Repaglinide was the first meglitinide analogue to 
be authorized for therapeutic use in individuals 
diagnosed with T2DM.

Repaglinide induces insulin production in the 
pancreatic β-cell by inhibiting ATP-dependent po-
tassium channels. This inhibition results in the de-
polarization of the cell membrane and the influx of 
calcium ions via voltage-gated calcium channels. 
These actions cause an increase in the levels of 
calcium inside the cells, which triggers the release 
of granules containing insulin through exocytosis. 
Repaglinide interacts with an ATP-dependent po-
tassium channel called SUR1 on β-cells, causing 
it to close. A clinical trial in 2016 suggested that 
KCNQ1 inhibitor significantly improved the ef-
ficacy of repaglinide on IR, with a considerable 
upregulation of IRS-2/PI(3)K/Akt signaling.99

Nateglinide

Nateglinide is an oral medication that is quickly 
absorbed and has a brief duration of action. This 
medication is used to treat T2DM. Nateglinide 
rapidly attaches to the sulfonylurea SUR1 recep-
tor with a rather weak attraction, and it separates 
from it rapidly within a few seconds. A research 
by Hazama et al. noted a significant increase in 
GIR following nateglinide administration, in-
dicating that nateglinide reduces insulin resis-
tance.100

Thiazolidinediones (glitazones)

Thiazolidinediones (TZDs) enhance the use of 
glucose by peripheral tissues and, to a certain de-
gree, reduce glucose synthesis in the liver. This 
mechanism involves the activation of the per-
oxisome proliferator-activated receptor gamma 
(PPAR-γ). The nuclear receptor activation sub-
sequently alters the gene transcription of numer-
ous genes associated with glucose and lipid me-
tabolism, as well as energy balance. Certain genes 
are activated, while others are suppressed. These 
genes include the genes for lipoprotein lipase, 
fatty acid transporter protein, glucokinase, and 
GLUT-4 glucose transporter. Rosiglitazone serves 
as a PPAR-γ agonist, while pioglitazone functions 
as both a PPAR-α and PPAR-γ agonist.101

ation sulfonylureas, although first-generation 
medications like tolbutamide and chlorprop-
amide are no longer employed.96

Gliclazide

Gliclazide is an oral antihyperglycemic drug 
that helps in the treatment of T2DM. Gliclazide 
binds to the sulfonylurea receptor (SUR1) lo-
cated on the β-cells, leading to the subsequent 
inhibition and closure of the adenosine triphos-
phate (ATP)-sensitive potassium channels. As a 
result, this causes a reduction in the movement 
of potassium ions outward and the depolariza-
tion of β-cells. By activating voltage-dependent 
calcium channels in the β-cell, this process trig-
gers the activation of calmodulin, releasing the 
insulin-containing secretory granules through 
exocytosis. Gliclazide can mitigate IR generated 
by oxidative stress in 3T3L1 adipocytes and may 
restore insulin-stimulated GLUT-4 translocation 
under these conditions.97

Glipizide

Glipizide operates through the molecular mecha-
nisms of partially inhibiting the potassium chan-
nels of the pancreatic β-cells. The inhibition of 
potassium channels causes the cells to depolar-
ize, which in turn activates the voltage-gated cal-
cium channels, resulting in the pancreatic β-cells 
releasing insulin.82

Glibenclamide (glyburide) and glimepiride

The medication functions by inhibiting the ATP-
sensitive K+ channels, causing the cells to de-
polarize and release insulin. Glyburide’s mode 
of action appears to initiate with the binding of 
drug molecules to surface receptors on the β-cell 
surface, which then results in the reduction of the 
conductance of ATP-sensitive K+ channels. The 
diminished outward flow of K+ ions results in 
the depolarization of the cell membrane and the 
entry of Ca++ ions through Ca++ channels. This 
influx of Ca++ ions ultimately regulates the re-
lease of insulin.

Glimepiride functions by targeting ATPase-
dependent potassium channels in the pancreatic 
β-cells. This action increases insulin produc-
tion.98
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the activity of enzymes that transform intricate, 
non-assimilable carbohydrates into uncompli-
cated, assimilable carbohydrates through com-
petitive inhibition. Isomaltase, glucoamylase, 
sucrase, and maltase are some of these enzymes. 
By inhibiting the absorption of carbohydrates, 
they effectively reduce the rise in blood glucose 
levels after a meal by approximately 3 mmol/l. 
Acarbose, an α-glucosidase inhibitor, impedes 
carbohydrate absorption in the small intestine, 
consequently lowering postprandial hypergly-
cemia.105 Voglibose, an α-glucosidase inhibitor, 
exerts a direct hypoglycemic effect by reducing 
carbohydrate absorption, as well as hypoinsu-
linemic and hypolipidemic effects through en-
hanced insulin sensitivity.106

Sodium-glucose cotransporter 2 inhibitors

Sodium-glucose cotransporter 2 inhibitors 
(SGLT2i) therapy is beneficial for the treatment 
of obesity-related T2D.107 the Gliflozins are a 
type of oral antidiabetic medication that are in-
cluded under the category of SGLT2i. Gliflozins 
have demonstrated favorable effects on the car-
diovascular and renal systems of patients with 
kidney disease, both those with and without dia-
betes. SGLT2i block SGLT2 located in the early 
proximal renal tubule, resulting in increased 
levels of urinary glucose excretion and subse-
quently decreased serum glucose concentrations. 
These glucose-lowering effects are independent 
of insulin action. Besides its anti-hyperglycemic 
effects via glycosuria, it may offer additional ad-
vantages, including the suppression of gluconeo-
genesis, increased insulin sensitivity in periph-
eral tissues, enhancing glucagon response, and 
stimulation of insulin secretion from the pancre-
atic β-cells.108

Glucagon-like peptide 1 receptor agonists

Glucagon-like peptide-1 receptor agonists (GLP-
1RAs) are approved injectable glucose-lowering 
medications for the treatment of T2DM in adult 
patients. Peptide hormones known as incretins, 
specifically GIP and GLP-1, are released by K 
cells present in the small intestine and L cells 
in the distal ileum and colon. These hormones 
are rapidly secreted after consuming nutrients 
and interact with GLP-1 and GIP receptors on 

Pioglitazone

Pioglitazone is a potent medication that enhances 
insulin sensitivity by activating insulin receptor 
kinases, and the treatment may provide ben-
eficial effects in the IR associated with T2DM. 
Pioglitazone promotes glycemic management 
by increased dose-dependent β-cell activity and 
improving systemic and hepatic insulin sensitiv-
ity. Rasouli et al. demonstrated that pioglitazone 
increased glucose tolerance and insulin sensitiv-
ity by lowering intramyocellular lipid levels.102 
Pioglitazone can also address IR-induced modi-
fications in antioxidant levels, obesity-related 
hormones, and inflammatory biomarkers.

Rosiglitazone

Type 2 diabetes individuals achieved a signifi-
cant improvement in glycemic control with rosi-
glitazone. Additionally, the medication was well 
tolerated. Both IR and endothelial dysfunction 
can be effectively treated with rosiglitazone. 
Rosiglitazone significantly improved insulin 
sensitivity and β-cell activity, hence enhancing 
adiponectin and C-reactive protein levels in non-
obese individuals with IGT.103

Dipeptidyl peptidase IV inhibitors

A class of oral diabetic medications known as 
dipeptidyl peptidase IV inhibitors (DPP-4i) or 
gliptins, which includes alogliptin, sitagliptin, 
saxagliptin, and linagliptin (Supplementary 
Table II),82-93 is approved by the FDA. DPP-4 
inhibitors inhibit the enzymatic degradation of 
incretins, specifically glucose-dependent insuli-
notropic peptide (GIP) and glucagon-like pep-
tide-1 (GLP-1). These peptidins are responsible 
for regulating glucose homeostasis through the 
mechanisms of increased insulin secretion and 
decreased glucagon secretion. Vildagliptin miti-
gated neuronal IR by improving insulin-induced 
long-term depression and the phosphorylation 
of neuronal insulin receptors, IRS-1, and Akt/
PKB-ser. It also improved brain mitochondrial 
dysfunction and cognitive function.104

α-glucosidase inhibitors

The intestinal absorption of carbohydrates is pre-
vented by α-glucosidase inhibitors. They inhibit 
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last exercise session. This is corroborated by the 
evidence that stopping physical activity for those 
who are trained results in a significant and quick 
decline in insulin sensitivity.110 Perseghin et al. 
conducted a study showing that a single session 
of exercise with moderate intensity can enhance 
glucose uptake by a minimum of 40%.111

Although aerobic exercise is typically the 
preferred option for intervention programs in-
volving patients with glucose intolerance, recent 
recommendations for physical activity advocate 
for a combination of aerobic and resistance exer-
cises. Donges et al. and Slentz et al. conducted 
two independent trials where they applied com-
parable exercise regimens involving aerobic ex-
ercise, resistance training, and a combination of 
both and observed decrease in weight, fat mass, 
visceral adipose tissue and subcutaneous adipose 
tissue.112, 113 In the study conducted by Donges et 
al., it was found that the enhancements in insulin 
sensitivity were accompanied by decreases in in-
flammatory markers such as TNF-α and IL-6 in 
all groups.112

Moreover, physical activity facilitates weight 
reduction, thereby counteracting the IR that is a 
characteristic aspect of obesity. Combining regu-
lar exercise with decreased body fat will enhance 
the beneficial impact on IR. Undoubtedly, when 
coupled with the fact that moderate physical 
activity decreases the occurrence of illness and 
death related to CVD and diabetes, it serves as 
a successful treatment approach for reducing IR 
and, more significantly, enhancing overall qual-
ity of life and wellness. IR-induced diabetes in 
individuals can be reversed via regular physi-
cal activity. Excessive fat around the midsection 
leads to IR. Regular exercise helps reduce body 
fat and improves cellular insulin sensitivity. The 
uptake of glucose stays heightened for a duration 
of 120 minutes following physical exercise as a 
result of an increase in the presence of GLUT-4 
in both plasma membranes and T-tubules. Insu-
lin sensitivity is enhanced for a minimum of 16 
hours after exercising. This phenomenon is ob-
served in both healthy individuals and those who 
have T2DM.114 Physical exercise can also induce 
beneficial alterations in lipid metabolism and 
control the production of glucose by the liver, 
which is crucial in managing T2DM.

the pancreatic β-cell. Activation of incretin re-
ceptors on pancreatic β-cells results in insulin 
secretion dependent on glucose levels. Patients 
with T2DM often experience a reduction in the 
incretin effect, although the exact reasons for 
this are not well understood. T2DM leads to a 
diminished pancreatic response to the effects of 
GLP-1 and GIP on insulin production, together 
with a reduction in GLP-1 secretion by L cells. 
The impaired incretin effect is an early sign of 
impaired glucose metabolism that deteriorates as 
glucose intolerance advances. Considering the 
early occurrence of the impaired incretin effect 
of GLP-1 in the normal course of T2DM, it may 
be worth considering GLP-1 replacement thera-
py as a viable option for restoring the deficient 
insulin response in patients with T2DM. These 
medications function by activating GLP-1 recep-
tors in the pancreas, which leads to an increase 
in insulin production and a decrease in glucagon 
production. These effects are dependent on glu-
cose levels, minimizing the likelihood of hypo-
glycemia. Short-acting GLP-1R agonists such 
as exenatide and lixisenatide have the ability to 
slow gastric emptying, resulting in significant re-
ductions in postprandial glucose levels. On the 
other hand, long-acting GLP-1R agonists like 
liraglutide, albiglutide, semaglutide, and dula-
glutide are known for their ability to stimulate 
insulin secretion from the pancreas, leading to 
more substantial reductions in fasting blood glu-
cose.109

Management of IR through 
physical activity

Research has firmly demonstrated that engaging 
in exercise for a set amount of time will enhance 
the way the body processes glucose, regardless 
of the level of intensity recommended. Although 
moderate-intensity exercise can promote weight 
reduction and improve insulin resistance, re-
search has shown that vigorous-intensity exer-
cise training may be more beneficial in reducing 
IR.

Several initial investigations found notable en-
hancements in glucose tolerance and insulin sen-
sitivity following exercise training. These chang-
es were measured within 12 to 48 hours after the 
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individuals.116 A recent study was conducted on 
streptozotocin-nicotinamide-induced type 2 dia-
betic rats subjected to a low-carbohydrate-high-
protein (40% carbohydrates, 30% protein, and 
30% fat) diet combined with intermittent fasting 
for 6 weeks demonstrated a significant reduction 
in body weight gain, feed intake, and blood glu-
cose levels therefore alleviating IR. Similarly, a 
decrease in triglyceride levels and VLDL choles-
terol was also observed.117

Women with IR sometimes have concurrent 
PCOS. A study with 60 patients found that fol-
lowing a reduced-calorie DASH diet for 2 weeks, 
which provided 16-18% of energy from proteins, 
30% from fats, and 52-55% from carbohydrates, 
resulted in greater reductions in fasting insulin 
levels, HOMA-IR index values, and increased 
insulin sensitivity compared to diets with a simi-
lar distribution of macroelements but obtained 
from different food sources. Furthermore, adher-
ing to the DASH diet was linked to a positive 
enhancement in sex hormone levels.118

Monounsaturated FAs (MUFAs) and polyun-
saturated FAs (PUFAs), found in olive oil, nuts, 
and seeds in plant-based diets, may improve glu-
cose metabolism, insulin sensitivity, blood lipids, 
and reduce the risk of CVD. These effects have 
been observed in both diabetic individuals and 
the general population. The antidiabetic effect 
of these nutrients has been confirmed through a 
meta-analysis of 24 randomized controlled trials. 
This analysis showed that diabetics who followed 
high MUFAs or high PUFAs plant-based diets 
had better glycemic control, an improved serum 
lipid profile, and lower systolic blood pressure 
compared to those who followed low-fat, high-
carbohydrate diets.119 Furthermore, consuming a 
high amount of MUFAs or PUFAs from olive oil 
and seeds instead of saturated or trans FAs can 
decrease the likelihood of developing T2DM in 
those at risk by as much as 83% over a period 
of 4.4 years. This risk reduction can occur even 
without restricting calorie intake.120

PUFAs improve adipose tissue inflamma-
tion and insulin sensitivity in animal mod-
els.121 Moreover, PUFAs can bind and activate 
G-protein-coupled receptors (GPCRs), namely 
GPR120. These receptors are essential for glu-
cose metabolism. PUFAs binding to GPR120 

Nutritional and dietary 
management of IR

Lifestyle, dietary patterns, and level of physical 
activity are crucial determinants that can either 
maintain or elevate the likelihood of IR. Adher-
ing to a properly balanced diet and maintaining 
a consistent meal schedule can enhance the regu-
lation of glucose and insulin levels in the body. 
Mediterranean Diet (MedDiet) (measured using 
the Mediterranean diet score [MeDS]) and other 
plant-based nutritional approaches, which have 
been linked to positive results in clinical research 
settings, can be recommended as effective treat-
ment options for achieving glycemic control and 
improving fasting glucose, glycated hemoglobin 
(HbA1c), and insulin levels when compared to 
low-fat diets. This could potentially reduce the 
reliance on pharmaceutical medications.

Correlation between nutrition and IR

The fundamental dietary guideline for individu-
als with impaired glucose/insulin homeostasis is 
to adopt a diet that reduces body mass by around 
500-600 kcal compared to their total daily en-
ergy expenditure. Mattei et al. conducted a com-
parison of the similarity between patients’ diets 
and well-known diets such as the Mediterranean 
diet, the dietary approaches to stop hypertension 
(DASH) diet, and the American Heart Associa-
tion (AHA) diet (measured using the AHAdiet 
score).115 The study revealed that the Mediter-
ranean diet exhibited the most significant cor-
relation with reduced insulin levels, decreased 
HOMA-IR readings, and increased insulin sen-
sitivity.

The amount and composition of carbohydrates 
are critical to IR patients’ diets. Many studies 
have showed the benefits of slowly digested car-
bohydrates high in fiber. IR patients should con-
sume a diet rich of whole grains and non-starchy 
vegetables and fruit. IR patients consume low-
glycemic carbohydrates to improve insulin sen-
sitivity. A 24-week study examined how a veg-
etarian and diabetic diet affected insulin sensitiv-
ity in type 2 diabetic individuals with IR. Fol-
lowing the study, vegetarians had better insulin 
sensitivity. Leptin levels, visceral and subcutane-
ous fat loss, and inflammation decreased in these 
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release GLP-1 from enteroendocrine L-cells, 
increasing secretion.122 Elevated GLP-1 levels 
can reduce post-meal high blood sugar levels 
by increasing insulin production from pancre-
atic β-cells, resulting in faster glucose absorption 
by skeletal muscles.123 Moreover, GLP-1 may 
impact central nervous system satiety, reducing 
appetite and meal intake. This prevents energy 
intake from exceeding expenditure.

Conclusions
In conclusion, this review highlights the intricate 
molecular mechanisms and factors contributing 
to IR, a crucial aspect of various metabolic disor-
ders, by examining the role of genetics, lifestyle 
and cellular pathways. Furthermore, discussions 
have addressed prospective clinical procedures for 
measuring IR, which is essential for detecting the 
progression of various disorders. Pharmaceutical 
medications, therapy approaches involving physi-
cal activity and dietary adjustments, particularly 
highlighting the significance of a Mediterranean 
diet in addressing IR have also been discussed.
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Supplementary Figure 1.—Graphical Abstract — diagrammatic representation of the structure of the 

review. 
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Supplementary Table I.—Methods of insulin resistance measurement.14, 58-62 

Methods Quality Accuracy Clinical 

Applicability 

Advantages Disadvantages References 

Hyperinsulinemic 

Euglycemic Clamp 

(HEC) 

High High Moderate Direct measurement 

of insulin under 

steady-state 

condition; applicable 

for diverse patient 

groups. 

Laborious, time-

consuming, 

expensive, requires 

and experienced 

operator, invasive, 

frequent blood 

sampling, risk of 

hypoglycemia; not 

applicable for large 

epidemiological 

studies. 

58 

Insulin Suppression Test 

(IST) 

High High Moderate Highly reproducible 

direct measure of 

metabolic actions of 

insulin; less labor 

intensive and less 

technically 

demanding than 

HEC. 

Not applicable for 

large epidemiological 

studies; not designed 

to reflect hepatic 

insulin sensitivity. 

59 

Rapid Insulin Sensitivity 

Test (RIST) 

High High High Extremely sensitive, 

high reproducibility; 

use of bolus injection 

of insulin; can 

measure insulin 

sensitivity in the 

fasting and prandial 

state. 

Not applicable for 

large epidemiological 

studies, risk of 

hypoglycemia; does 

not differentiate 

between peripheral 

and hepatic IR. 

60 



Insulin Tolerance Test 

(ITT) 

Moderate Moderate Moderate Simple, rapid; use of 

bolus injection of 

insulin; can measure 

insulin sensitivity in 

the prandial state. 

Does not differentiate 

peripheral vs hepatic 

IR; increased risk of 

hypoglycemia. 

60 

Modified Frequently 

Sampled Intravenous 

Glucose Tolerance Test 

(FSIVGTT) 

High High High Simple, assessing 

insulin sensitivity 

and β-cell function, 

FFAs, no steady-state 

condition 

requirement. 

Labor intensive, 

requires intravenous 

infusions. 

14 

Oral Glucose Tolerance 

Test (OGTT) 

High High High Simple, cost 

effective, assessing 

glucose tolerance, 

insulin secretion and 

sensitivity. 

Poor reproducibility, 

requires fasting, 

experience nausea and 

dizziness, lack of 

validation in youth, 

preanalytic and 

analytic variability. 

61 

Homeostasis Model 

Assessment (HOMA-IR) 

High High High Simple, minimally 

invasive, predicts 

fasting steady-state 

glucose and insulin 

levels. 

Insulin sensitivity in 

subjects treated with 

insulin needs further 

validation; may not 

give appropriate 

results in patients with 

severely impaired or 

absent β-cell function. 

62 
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Supplementary Table II.—Classification of antidiabetic agents.82-93 

Classificatio

n 
Mechanism Agents 

PubCh

em CID 

Chemical 

Formula 

Chemical 

Structure 

Molecul

ar 

Weight 

(g/mol) 

Dosage Side Effects 
Referen

ces 

Biguanides 

Inhibits the 

liver’s 

synthesis of 

glucose 

Metformin 4091 C4H11N5 129.16 

500 to 

2500 

mg 

once 

daily 

Lactic acidosis, 

dizziness, 

severe 

drowsiness, 

muscle pain, 

tiredness, 

chills, blue/cold 

skin, 

fast/difficult 

breathing, 

slow/irregular 

heartbeat, 

stomach pain 

with diarrhea, 

nausea or 

vomiting 

83 



Sulfonylurea

s 

Inhibiting 

the 

potassium 

channels of 

the 

pancreatic 

β-cells 

Gliclazide 3475 
C15H21N3O3

S 

 

323.41 
240 to 

320 mg 

 

Headache, 

nausea, 

diarrhoea, 

constipation 
 

84 

Glipizide 3478 
C21H27N5O4

S 

 

445.5 

5 to 40 

mg 

daily 

 

Hypoglycemia, 

weight gain, 

nausea, 

diarrhoea 

82 

Glyburide/ 

Glibencla

mide 

3488 
C23H28CIN3

O5S 

 

494 

1.25 

mg to 

20 mg 

orally, 

once or 

divided 

twice 

daily 

 

Hypoglycemia, 

weight gain 

85 

Glimepirid

e 
3476 

C24H34N4O5

S 

 

490.6 

1 and 2 

mg 

once 

daily 

 

Headache, 

nausea, 

diarrhoea, 

dizziness, 

tiredness, mild 

allergic 

reaction, skin 

rash 

86 



Meglitinides 

Inhibiting 

the 

potassium 

channels of 

the 

pancreatic 

β-cells 

Repaglinid

e 
65981 C27H36N2O4 

 

452.6 
0.5 to 4 

mg 

 

Hypoglycemia, 

weight gain, 

cardiovascular 

events, upper 

respiratory tract 

infection and 

sinusitis, 

diarrhea, and 

joint pain 
 

87 

Nateglinid

e 

531130

9 
C19H27NO3 

 

317.4 

60 to 

120 

milligra

ms 

(mg) 3 

times a 

day 

 

Low blood 

sugar 

(hypoglycemia)

—tremors or 

shaking, 

anxiety, 

sweating, cold 

or clammy 

skin, confusion, 

dizziness, rapid 

heartbeat 
 

88 

Thiazolidine

diones 

Insulin 

sensitizer 

and 

glycemic 

control 

Pioglitazon

e 
4829 

C19H20N2O3

S 

 

356.4 

15 mg 

or 30 

mg 

orally 

once 

daily 

 

Edema, weight 

gain, macular 

edema, 

osteoporosis, 

and congestive 

heart failure 

(CHF) 
 

89 



Rosiglitazo

ne 
77999 

C18H19N3O3

S 

 

357.4 

4 and 8 

mg 

daily 

 

Increased 

Cholesterol, 

increased 

HDL-

cholesterol, 

increased total 

cholesterol 
 

90 

 

 

Dipeptidyl 

peptidase IV 

inhibitors 

 Sitagliptin 
436935

9 

C16H15F6N5

O 

 

407.31 

25 to 

200 

mg/day 

 

Hypoglycemia, 

and have 

weight-neutral 

effects. 

sitagliptin and 

saxagliptin are 

upper 

respiratory tract 

infection, 

nasopharyngitis

, headache, 

urinary tract 

infection, 

arthralgia 

91 

Inhibit the 

enzymatic 

degradation 

of incretins 

Saxagliptin 
112439

69 
C18H25N3O2 

 

315.4 
 

2.5 or 5 

mg 

orally 

once a 

day 

Linagliptin 
100963

44 
C25H28N8O2 

 

472.5 

5 mg 

orally 

once a 

day 

Alogliptin 
114506

33 
C18H21N5O2 

 

339.4 

25 mg 

once 

daily 



 

 

 

 

 

 

 

 

 

 

α-

glucosidase 

inhibitors 
 

Inhibit the 

absorption 

of 

carbohydrat

es 

Acarbose 41774 C25H43NO18 

 

645.6 
 

25 mg 

orally 3 

times a 

day 

 

Flatulence, 

diarrhea, and 

abdominal pain 
 

 

Miglitol 441314 C8H17NO5 

 

207.22 

25 mg 

orally 3 

times a 

day 

 

 

Malabsorption 

and 

gastrointestinal 

side effects are 

most common 

and flatulence, 

diarrhea, 

abdominal 

boating and 

rash. 

Severe adverse 

events can 

include rash 

and 

pneumatosis 

cystoides 

intestinalis. 

Hypoglycemia 

may occur with 

combinations 

of miglitol with 

other oral 

hypoglycemic 

agents 
 

92 


