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Abstract

Insulin resistance (IR) is a complex metabolic disorder with profound implications for human health, extending beyond glucose regulation. This review provides
a comprehensive examination of IR, encompassing its physiological mechanisms, associated hazards, and implications for conditions such as type 2 diabetes,
cardiovascular disease (CVD), hypertension, polycystic ovary syndrome (PCOS), dyslipidemia, non-alcoholic fatty liver disease (NAFLD), and cancer risk. Emphasizing
the urgent need for targeted interventions, including lifestyle modifications and pharmacological therapies, this review underscores the importance of understanding

the intricate interplay between IR and systemic health outcomes
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Abbreviations: IR: Insulin resistance; CVD: cardiovascular disease; PCOS: polycystic ovary syndrome; NAFLD: non-alcoholic fatty liver disease;
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Introduction

Insulin resistance, which is a complicated metabolic
disorder, has consequences that go far beyond just the change
in blood sugar. But as complicated as it sounds, this condition
links multiple physiological pathways, which makes a huge
difference in our well-being. Although insulin resistance itself
is the major cause, it refers to the decreased reaction of cells to
the hormone insulin, which is one of the key players in glucose
metabolism and regulation. This process results into the body’s
inefficiency in utilizing the glucose for energy or storing it for
later use, leading to a series of metabolic disruptions. Insulin
resistance does not affect glucose dysregulation only; it is one of
the factors in metabolic syndrome development, which is a set of
interconnected conditions including central obesity, dyslipidemia,

and hypertension. This condition brings with it the tendency of

people to a higher predisposition to cardiovascular diseases
including heart attacks and strokes as well as type 2 diabetes.
In addition to this, insulin resistance has been considered as a
major factor in the development of polycystic ovary syndrome
(PCOS), which is a very common endocrine disorder found among
premenopausal women. PCOS is a condition where hormones
are out of balance, menstrual cycles are irregular or there is
infertility, all of which are caused by the presence of insulin
resistance. The teasing out of the intricate mechanisms of insulin
resistance would be of paramount importance in the design of
specific therapeutic interventions and preventive measures.
Lifestyle changes, such include eating a balanced diet and regular
physical activity, proved to be effective in the reduction of insulin
resistance and its complications. Particularly, on-going research is
focused on figuring out if insulin sensitizers and novel drug targets
which aim at the mechanism of insulin resistance can be helpful
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in the management of various organ systems. Through gaining
the insights into the complex intrinsic relationship between
insulin resistance and the systemic ramifications that occur in
metabolic, cardiovascular, and reproductive health, researchers
and healthcare professionals become able to design personalized,
individual, and holistic approaches to disease treatment and
prevention.

Objective

The objective of this comprehensive review is to provide a
thorough examination of insulin resistance, its associated hazards,
and its implications for human health. By synthesizing existing
research, this review aims to elucidate the multifaceted nature
of insulin resistance, including its physiological mechanisms, risk
factors, and downstream health consequences. Additionally, it
seeks to explore potential strategies for prevention, management,
and treatment of insulin resistance-related conditions.

Methods

Literature Search: Conduct a systematic search of electronic
databases (such as PubMed, Google Scholar, and Scopus) using
relevant keywords including “insulin resistance,” Type 2 diabetes,
cardiovascular disease, Hypertension, PCOS, Dyslipidemia, NAFLD
and increase risk of cancer.

Criteria: Include studies published in peer-reviewed journals
that investigate insulin resistance in human subjects. Exclude
studies that do not directly address the hazards or consequences
of insulin resistance. Studies published in languages other than
English will also be excluded unless an English translation is
available. Summaries findings from selected studies to provide a
comprehensive overview of the hazards associated with insulin
resistance. Organise information according to themes such as
Type 2 diabetes, cardiovascular disease, hypertension, PCOS,
dyslipidemia, NAFLD and increased risk of cancer.

Results
Cardiovascular disease

Hyperglycemia and compensatory hyperinsulinemia are two
aspects of the disease known as insulin resistance. It happens
when the liver, adipose tissue, and skeletal muscles are among
the target areas where insulin is unable to have the fullest impact.
The development of cardio-metabolic diseases, such as obesity,
dyslipidemia, low-grade inflammation, endothelial dysfunction,
and hypertension, is caused by this modification of insulin signaling

pathways. These conditions are risk factors for atherosclerosis
and cardiovascular disease [1]. Thus, insulin resistance raises the
risk of CVD through a variety of routes. We will discuss each route
in more detail later, but for now, let’s concentrate on endothelial
dysfunction and low-grade inflammation.

The role of insulin in inflammation and vasodilation:
insulin resistance is linked to atherogenesis [2]. Insulin reduces
inflammation in the body through its effects on macrophages and
endothelial cells. Insulin promotes the production of endothelial
nitric oxide synthase (eNOS) in endothelial cells. Nitric oxide (NO),
which causes vasodilation, is released by eNOS. Endothelial cells’
intracellular nuclear factor-kappa-B (NF-kB) is suppressed by
insulin. Reactive oxygen species (ROS) and 02 radical production
are inhibited by insulin [3]. Mechanisms by which hyperglycemia
induces endothelial damage due to ROS. Elevated glucose levels
primarily cause vascular damage due to an imbalance in the
endothelium’s generation of ROS and NO bioavailability. These are
results of atherosclerosis of coronary vessels and May end with
acute coronary syndrome due to rupturing of atherosclerosis of
the coronary artery.

Diabetes mellitus

The development of T2D is linked to ROS generation,
mitochondrial malfunction, ER stress, and changes in autophagy,
all of which are essential for B-cell activity. In these cells, ROS
and ROS-induced disruptions are mostly responsible for the
start of diabetes. The primary role of (-cells is to respond to
rises in blood glucose concentration by secreting insulin, which
helps the body maintain proper glucose homeostasis. In short,
glucose produces NADH upon entry, which is facilitated by GLUT2
(glucose transporter-2). This is the physiological mechanism of
insulin release. The mitochondrial ETC metabolizes this NADH to
produce ATP. In addition, the mitochondrial membrane potential-
dependent Ca?* uniporter can be activated by hyperpolarization
of the inner membrane of the mitochondria, which will raise
mitochondrial Ca?* and promote TCA cycle activity. The exocytosis
of insulin-containing granules is eventually caused by an increase
in the ATP/ADP ratio, which also causes the plasma membrane
to depolarize, voltage-dependent Ca** channels to open, and ATP-
sensitive K* channels to close.

Due to these characteristics, 3-cells are subjected to elevated
glucose levels, which in turn exposes them to the harm caused
by reactive oxygen species (ROS) resulting from hyperglycemia
(Figure 1) [4-6].
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Figure 1: The cellular mechanisms in pancreatic [3-cells that are associated with the formation of mitochondrial ROS and its
impact on insulin release and the onset of diabetes. (A) The process by which insulin is released in normal B-cells. (B) Reduced
insulin release by B-cells when exposed to high blood sugar levels. Elevated blood glucose levels are indicative of increased ROS
production by mitochondria, which can modify insulin release. (C) Diagram showing how mitochondrial ROS production is facilitated
by the electron transport chain (ETC) under hyperglycemia, resulting in oxidative stress. Because of the increased demand for this
hormone, unfolded insulin peptides build up and increase oxidative damage as a result of ER stress. Furthermore, the idea is that
Ca2+ jons from the ER contribute to an increase in ROS in mitochondria and the relationship between the two organelles.
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Figure 2: Development of insulin resistance.
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At the vascular level, inflammation plays an important role in
microvascular complications and lipotoxicity is strongly associated
with macrovascular complications [7]. Thus, it is evident that the
pathophysiology of diabetes and insulin resistance includes fat
as a risk factor. Furthermore, an additional result of inadequate
insulin response is elevated blood levels of free fatty acids (FFA),
primarily because insulin’s antilipolytic function on adipocytes
is disrupted. In response, a significant amount of free fatty acid
(FFA) is released into the bloodstream by fat cells. This leads to
the onset of systemic lipotoxic consequences, such as ectopic
lipid deposition and consequent disruption of insulin signaling.
Thus, lipotoxicity has been identified as a major factor in the
development of insulin resistance recently [8] (Figure 2).

Dyslipidemia

Insulin resistance affects all components of the lipid profile,
including HDL, LDL, VLDL, TG and chylomicron, here we talk
about all about separately.

a) TG and VLDL metabolism of IR has a significant impact
on the metabolism of VLDL, including effects that raise the
synthesis of TG in the liver. There is then varying evidence
linking increased hepatic apo B-100 production to enhanced
VLDL TG synthesis. Moreover, it has been suggested recently
that HTGL activity is a key regulator of insulin clearance [9-
12].

b)  Chylomicrons metabolism in the postprandial state,
chylomicrons, which are produced and secreted by the colon,
facilitate the transfer of TG obtained from meals to various
organs. While apo B-100 is present in VLDL, the only apo
B found in chylomicrons is apo B-48, which is a shortened
version of the holoprotein. Chylomicrons are digested by LPL
in the vasculature, releasing their fatty acids to nearby cells.
Hydrolysis of chylomicron TGs is similarly influenced by the
IR-related decrease in LPL activity. This is especially clear
if all of the endothelium’s accessible LPL binding sites are
saturated by high levels of hepatic VLDL [13-15].

c¢) HDL metabolism of Insulin has a significant role in
HDL metabolism, and IR states are frequently associated
with low HDL-C concentrations. Low HDL-C concentrations
are hypothesized to be caused by IR through a number of
different ways. First, IR is linked to an increased exchange of
VLDL for cholesterol esters from HDL particles and TG from
chylomicrons, which lowers HDL-C. This process is controlled
by the cholesteryl ester transfer protein (CETP). Second, lower
LPL activity leads to less TG being hydrolyzed from VLDL
and chylomicrons, which may further restrict the amount of
TG-rich lipoprotein-derived HDL particles. Third, Moreover,

hepatic triglyceride lipase (HTGL) elevations are linked to IR
and may cause HDL to be cleared more quickly and HDL-C
levels to drop. Fourth, decreased apo A-I production and
release from the liver and intestine may also be the cause of
low HDL-C concentrations [16-19].

d) LDL metabolism of IR seems to have a less significant
impact on LDL metabolism than it does on VLDL metabolism.
Insulin injection has been shown to promote the catabolism
of LDL-C with a little reduction in LDL-C. Insulin is known
to upregulate LDL receptor function. (Table 1) provides a
summary of these [20-23].

Table 1: Insulin injection to promote the catabolism of LDL-C
with a little reduction in LDL-C.

Chang_e in lipids Proposed mechanisms
inIR
THepatic VLDL TG synthesis
VLDL-Cand TG | TVLDL-Cand TG THTGL LLPL
TChylomicrons
Chylomicron (especially ILPL
postprandial)
TExchange of TG from
chylomicrons and VLDL for
HDL-C {HDL-C cholesterol esters from HDL
particles THTGL |LPL
LDL-C TLDL-C lLDL-receptor activity
PCOS

Polycystic ovarian syndrome (PCOS) is characterized by
high androgen levels, irregular ovulation, and morphological
abnormalities. PCOS affects 6-10% of women in their reproductive
stages, with a potential twofold prevalence rate. Numerous
pathophysiological variables contribute significantly to the
anomalies observed in each patient with PCOS. PCOS causes a
notable increase in androgen, which leads to significant suffering
and issues with infertility. Insulin resistance and hyperinsulinemia
are directly associated with androgen overexposure [24].

Insulin resistance in PCOS has a strong relation with
Anovulation, reduced SHBG levels, increased androgens,
especially free testosterone, increased truncal-abdominal fat
mass, and high free fatty acid levels. It is still unclear what causes
PCOS-related insulin resistance. Insulin resistance in women with
PCOS may be caused by an increase in truncal-abdominal fat mass
and consequent elevation in free fatty acid levels, according to one
line of evidence. The abnormal body fat distribution appears to be
caused by increased corticosteroid effects and a relative decrease
in estrogen and progesterone [25]. This is summed up in (Figure
3) [26].
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Figure 3: Diagrammatic illustration of how metabolic abnormalities contribute to the endocrine disorders associated with PCOS.
The primary causes of the insulin resistance that initiates compensatory hyperinsulinemia are an improper lifestyle and/or a family
history of diabetes. When there is a family history of diabetes, there are a number of decreased enzymatic expressions that lead
to insulin resistance because of peripherally lower insulin sensitivity.

increased AST & ALT

NAFLD
Impaired peripheral
insulin sensitivity

Hypertension

A number of metabolic disorders, including hyperglycemia
and the production of excess free fatty acids, are brought on
by insulin resistance. These disorders also affect the vascular
wall by causing endothelial dysfunction, platelet hyperactivity,
oxidative stress, and low-grade inflammation. When these
processes are activated, vasoconstriction is further enhanced and
thrombus formation is encouraged, which eventually leads to the
development of atherosclerosis. Clinical research demonstrating
the significance of platelet hyperactivity and endothelial
dysfunction in the pathophysiology of atherosclerotic vascular
problems, corroborate all of these findings [27]. Furthermore,
Endothelial dysfunction and the emergence of hypertension have
been linked to changes in both ROS generation and mitochondrial
dynamics [28]. Endothelial dysfunction is independently linked
to an elevated risk of cardiovascular disease and may have a
role in the onset and progression of vascular inflammation,
vascular remodeling, and atherosclerosis in hypertension [29].
Many complicated disorders have been related to mitochondrial
dysfunction as its etiology, but many other factors have also
been implicated in the pathophysiology of hypertension, such as
vitamin D insufficiency and the activation of the renin-angiotensin
system (RAS) [30].

Increase risk cancer

Insulinresistanceisa global risk factor for the two mostserious
categories of human diseases: cancer and cardiovascular diseases.
The five primary criteria for the insulin resistance syndrome
include visceral obesity, low HDL cholesterol (dyslipidemia),
excessive serum triglyceride levels, low blood sugar, and high
blood pressure. When combined, these characteristics provide
a multifactorial risk for cancer, as each is a risk factor in and of
itself. Because of the increased beta cell secretory activity caused
by insulin resistance in the liver, skeletal muscles, and adipose
tissue, reactive hyperinsulinemia results. Insulin has diverse
metabolic effects, and at the same time is a growth factor. It
causes abnormal cell proliferation and increases the synthesis

and mitogenic activity of other growth factors that resemble
insulin. Hyperglycemia, which arises in the uncompensated phase
of insulin resistance, is known to promote tumor genesis through
many routes. The raised blood glucose level benefits the tumor
cells’ enhanced DNA production. It initiates the production of
free radicals, which destabilize DNA and the enzymes involved
in the repair processes [31]. A plethora of research in recent
years has demonstrated the synergistic association that exists
between cancer, type 2 diabetes mellitus, and IR. While the actual
reason or mechanisms for this relationship are yet unknown,
it is widely known that hyperinsulinemia, a characteristic of
insulin resistance, may contribute to carcinogenesis. However,
IR is closely linked to systemic inflammation and dysfunctional
visceral adiposity, two factors that promote the development of a
pro-tumorigenic environment [32]. Coffee drinking and physical
exercise are inversely linked to these malignancies, as these
factors are known to lower the risk of type 2 diabetes. Insulin
resistance, chronic hyperinsulinemia that results, and a rise in
bioavailable insulin-like growth factor 1 (IGF1) are thought to be
the mechanisms underlying these effects [33].

NAFLD

NASH (fat accumulation with hepatocellular damage and
inflammation), liver cirrhosis, hepatocellular cancer, and simple
hepatic steatosis are all examples of the wide spectrum of non-
alcoholic fatty liver disease (NAFLD) [34]. Hepatic steatosis, a liver
malfunction brought on by obesity, contributes to the development
of NAFLD. Hyperinsulinemia and dyslipidemia are more severe in
obese people with concurrent type 2 diabetes and NAFLD than
in those without NAFLD [35]. Insulin resistance is caused by the
accumulation of oxidized and excess fatty acids in peripheral
organs such as the liver and adipose tissue. These fatty acids are
produced vialipogenesis and fatty acid synthesis.[36] A modulator
of systemic lipid accumulation is adipose tissue; it secretes
cytokines such as Adiponectin. Additionally, adiponectin sustains
hepatic insulin sensitivity and overall glucose homeostasis in the
body.[37] In the development of non-alcoholic fatty liver disease
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(NAFLD) or type 2 diabetes, hypoadiponectinemia hinders fatty
acid metabolism and encourages a chronic inflammatory state in
the liver [38,39]. Therefore, keeping adiponectin levels stable may
help patients with non-alcoholic fatty liver disease avoid fibrosis
and inflammation. Adipose tissue grows as a result of malnutrition
or inadequate exercise, and the hypertrophic adipocytes that
result secrete TNF-q, IL-1 8, and IL-6. Through the stimulation of
pro-inflammatory signaling and the blockage of insulin receptor
signaling, these pro-inflammatory cytokines reduce the hepatic
insulin sensitivity. As a result, fibrosis and steatosis of the liver
develop [40].

Discussion

An inadequate physiologic response to insulin is known as
insulin resistance. It is a defining trait of diabetes mellitus type
2. It is associated with several deleterious consequences such as
cardiovascular diseases, hypertension and PCOS.

Cardiovascular disease

Patients with type 2 diabetes have a higher risk of
cardiovascular disease due to a number of cardio-metabolic risk
factors that are linked to insulin resistance. Insulin resistance
has been found to be a robust predictor of atherosclerotic
cardiovascular disease (ASCVD) in several studies [41-52].
recently summarized these findings in a meta-analysis. The Insulin
Resistance Atherosclerosis Study was the first epidemiologic
study to document the relationship between insulin resistance
and CVD in a large multi-ethnic cohort [45], after correcting for
confounding factors such as glucose tolerance, fasting insulin,
low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol, smoking, hypertension, and body mass index. Bressler
et al. [43] used the euglycemic insulin clamp to conclusively
demonstrate that normal glucose-tolerant (NGT) individuals with
diffuse coronary artery disease were significantly more insulin-
resistant than NGT individuals with clean coronary arteries.

Similarly, throughout a follow-up period of 6.9 years in the
Bothnia research [46], insulin resistance was an independent
predictor of a higher risk of CVD in participants who were
not diabetic. The Verona Diabetes research [47], the Bruneck
research [48], the Malmo study [49], and the Atherosclerosis
Risk in Communities (ARIC) study [51] have all reported similar
findings. The strong correlation observed between ASCVD and
insulin resistance can be explained by three mechanisms: (i) the
fundamental molecular etiology of the resistance [43-62] (ii) the
compensatory hyperinsulinemia resulting from the resistance
[60,63-69]; and (iii) the correlation between the resistance and
a group of cardiometabolic abnormalities, each of which is a
separate risk factor for ASCVD [63-65,69-71] Although the use
of drugs like statins, angiotensin-converting enzyme inhibitors,
other antihypertensive drugs, and platelet inhibitory agents has
decreased the incidence of atherosclerotic CV complications,

there are still unknown CV risk factors in addition to the
traditional risk factors that raise the risk of cardiovascular disease
in patients receiving optimal treatment. The majority of the time,
medical therapy targets one or more CV risk factors rather than
the underlying pathophysiological defect-insulin resistance-that
gives rise to the cardiometabolic abnormalities primarily.

This is demonstrated by a new Publication from the National
Swedish Registry [72], which shows that between 1998 and 2014,
the rate of CV death in people with T2DM decreased dramatically,
although it remained noticeably higher and plateaued above
NGT individuals. Conversely, Insulin resistance was found to be
independently correlated with the coronary calcium score, a
robust indicator of coronary artery disease, in a retrospective
examination of 10,153 occupational individuals. This correlation
was maintained even after controlling for other cardiovascular
risk variables and previous cardiovascular disease [73]. Early
identification of insulin resistance greatly reduces liver and
cardiac damage.

Hypertension

The processes by which insulin resistance affects blood
pressure are not entirely understood. High insulin secretion in
response to insulin resistance has been shown to impact renal
sodium excretion[74-76] the sympathetic nervous system [77],
and the renin-angiotensin-aldosterone system.[78, 79] Insulin
resistance has been linked to poor endothelial-dependent
vasodilation, atherosclerosis, and inflammation.[80] Over time, the
deleterious consequences of insulin resistance on the vasculature
may lead to blood pressure increase, and as revealed in the current
study, this appears to be independent of diabetes status. The
link between insulin resistance and DBP in people with normal
blood glucose levels shows that insulin resistance may alter DBP
before hyperinsulinemia, which is linked with prediabetes. These
findings may help explain why DBP is the biggest predictor of
coronary heart disease in young and middle-aged adults. [81,82]
Previous research indicates a potential relationship between BMI
and IR in predicting hypertension. Lytsi et al. (n=1846) found
that those with IR and normal BMI were not at a higher risk of
hypertension. However, those with IR and overweight/obesity
had a higher chance of developing hypertension [74]. A Greek
study (n=141) found that women with IR have a 98% higher risk
of hypertension. However, when the model was adjusted for fat,
the association was no longer significant [75].

NAFLD, IR and liver disease association

Numerous studies have demonstrated the close relationship
between metabolic disorders, including obesity,
resistance, type 2 diabetes mellitus, and hypertriglyceridemia,
and non-alcoholic fatty liver disease (NAFLD). As a result, NAFLD
is thought to be the liver’s manifestation of metabolic syndrome

insulin

[83-85]. Because it permits the liver to store free fatty acids,
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insulin resistance plays a significant role in the pathophysiology
of non-alcoholic fatty liver disease (NAFLD) [86-88]. The rise
in insulin resistance in industrialized nations is one of the main
causes of the increased prevalence of NAFLD [83]. According to
reports, NAFLD was identified in over 75% of diabetic patients.
[85] According to [89], it may contribute to hepatic fibrosis by
either causing insulin to overstimulate connective tissue growth
factor or causing liver stellate cells to be incubated with glucose.
Research indicates that the persistent inflammation brought on
by insulin resistance causes inflammatory markers to be elevated
in individuals with non-alcoholic fatty liver disease [90, 91]. While
some studies express ideas to the contrary, the majority of studies
demonstrate that insulin resistance has a prognostic value for
fibrosis [92-96] It has long been known that insulin resistance and
obesity are related [97]. Furthermore, strong evidence points to
the presence of metabolic dysfunction as an additional risk factor
for the advancement of liver disease and extrahepatic clinical
consequences [98-102].

Reproductive health and insulin resistance

“Excess insulin shifts the sex hormone balance to promote
testosterone production over estrogen production,” is one of
how insulin resistance relates to infertility. Furthermore, current
research indicates that elevated average blood sugar levels
may affect the quality of eggs. It can even prevent ovulation.
[103] found that SHBG had a strong inverse correlation with
IR in PCOS when compared to controls. This is in line with
mechanistic research showing that insulin resistance (IR) and
hyperinsulinemia [103] inhibit the formation of SHBG and that
treatment with insulin sensitizers raises SHBG concentrations
[104]. The research validates the use of SHBG in PCOS-affected
women as a straightforward clinical indicator of IR. We further
verify that, in comparison to controls, SHBG is not only lower
but also less variable in PCOS [105] However, larger research is
now required to determine precise SHBG cut-off values in order
to predict IR. Moreover, decreased SHBG is linked, independently
of obesity, to metabolic syndrome, diabetes, and unfavorable
cardiovascular risk factors. Elevated “free testosterone” or the
computed free androgen index, which incorporates SHBG in the
calculation, is the most frequently seen androgenic aberration
in PCOS [106] This presents a confounding factor, and since IR
significantly affects SHBG, studies on the connections between
androgens and IR have to be conducted apart from SHBG. Here,
the studies that provided total testosterone levels were the main
focus. This contrasts with the way we currently think about
how androgens and IR interact [107] But, care must be taken
when interpreting these results because the majority of the
androgens were measured using radioimmunoassay (n = 10)
and chemiluminescence immunoassays (n = 9). These methods
are less sensitive than mass spectrometry (n = 2) in identifying
androgen levels in women [108] Greater understanding of the
interactions between hyperandrogenism and IR in PCOS may be

007

attained as we move towards more precise techniques. [109-111]
Conclusion

In conclusion, insulin resistance (IR) is a multifaceted
metabolic disorder with far-reaching implications for human
health. This comprehensively examined the
physiological mechanisms underlying IR and its association with
various health hazards, including type 2 diabetes, cardiovascular
disease, hypertension, polycystic ovary syndrome (PCOS),
dyslipidemia, non-alcoholic fatty liver disease (NAFLD), and
increased cancer risk. Through an exploration of the intricate
interplay between IR and systemic health outcomes, it becomes
evident that targeted interventions, such as lifestyle modifications
and pharmacological therapies, are urgently needed. By
understanding the complex relationship between IR and its
associated health risks, researchers and healthcare professionals

review has

can develop personalized approaches to disease prevention and
treatment, thereby improving the overall well-being of individuals
affected by this condition.
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