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ABSTRACT

Metabolic syndrome (MetS), is a non-communicable disorder caused by impaired management and storage of
energy, primarily associated with unhealthy diets, sedentary lifestyles and stress. It is diagnosed when any three
of the following conditions are observed, obesity (primary factor), hyperglycemia, low HDL,
hypertriglyceridemia, and hypertension (ATP III guidelines). MetS affects approximately 14-34 % of the global
population, highlighting significant public health concern. If left untreated, it leads to the development of other
serious metabolic diseases like atherosclerosis, diabetes, PCOS, NAFLD, NASH, thyroid, cancer, sleep
disturbance, osteoarthritis, anxiety, and depression. Despite ongoing research, no first-line drug currently exists
for the comprehensive management of MetS. Its multifactorial nature often requires lifelong polytherapy with
lifestyle intervention, raising concern over chronic drug use, drug-drug interactions, increasing morbidity and
mortality. Therefore, there is a need highlighting the requirement of a single and targeted pharmacotherapy which
offers a safer and more specific therapeutic approach. This review aims to identify and analyse ten key molecular
targets in managing the pathogenesis of Metabolic Syndrome (MetS). These targets can further pave the way for
a targeted and safer approach in the treatment of MetS.

Keywords: Metabolic syndrome, molecular targets, asprosin, gut microbiota, AMPK, insulin resistance, visceral
adiposity

Key points

» Metabolic Syndrome is a highly prevalent disorder worldwide, yet no approved, comprehensive treatment
currently exists that simultaneously targets all its components.

» Since most of the conditions associated with MetS are chronic, and require lifelong therapy, the risk of drug
interaction is elevated, highlighting the need for a single, safer and more effective therapeutic approach.

» Ten molecular targets have been identified and explored for their pharmacological roles, offering the potential
to be used individually or in combination for the comprehensive management of MetS. Moreover, several other
targets that require further research to clarify their role in MetS have been identified.

» MetS increase the chance of developing ischemic heart disease by 2-3 times and type II diabetes by 5 times. It
also promotes the development of several other diseases like atherosclerosis, diabetes, PCOS, NAFLD, cancer,
and more.
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Figure 1: Graphical abstract

INTRODUCTION

Metabolic syndrome (MetS), also known as syndrome X is a disorder for storing and
managing energy in the body. This non-communicable disorder is characterized by unhealthy
diets, sedentary lifestyles, and stress (Fahed et al., 2022). It consists of a cluster of diseases and
is diagnosed when an individual exhibits at least three conditions, including obesity (ATP III),
a key factor characterized by an increased waist circumference in men (= 102 cm/40") and
women (> 88 cm/35"), hyperglycemia (fasting blood glucose > 100 mg/dL) (Bansal, 2015),
Low HDL cholesterol levels in men (<40 mg/dL), and women (< 50 mg/dL) (Lee and Siddiqui,
2019), hypertriglyceridemia (fasting triglycerides > 150 mg/dL), and hypertension (= 140/90
mm/Hg) (Reaven, 2002; Fahed et al., 2022). Individuals diagnosed with MetS face elevated
high risk of developing various metabolic diseases like atherosclerosis, polycystic ovary
syndrome (PCOS), osteoarthritis, non-alcoholic steatohepatitis (NASH), non-alcoholic fatty
liver disease (NAFLD), diabetes, sleep disturbance, certain types of cancer (colorectal cancer,
prostate cancer, breast cancer) (Pothiwala et al., 2009), thyroid imbalance, anxiety, and
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depression. According to Bhalwar (2020), individuals diagnosed with Metabolic Syndrome
(MetS) face 2-3 times high risk of developing ischemic heart diseases and are 5 times more
likely to develop type II diabetes than those without MetS (Bhalwar, 2020).

MetS is one of the most prevalent disorders globally, with an estimated prevalence ranging
between 14 % to 34 % (Moore et al., 2017; Fahed et al., 2022). Factors like sedentary lifestyle,
modernization, reduced physical activity, dietary habits, and taking stress are responsible for
rising incidence of MetS and affecting population in both developed as well as developing
countries (Misra and Khurana, 2008). Due to the complexity and multifaced nature of this
disorder, the precise pathophysiology of MetS remains unclear. Multiple factors are responsible
for the development of MetS and affect various parts of the body.

Despite ongoing research and development efforts, no established first-line therapeutic
agent is found to be effective in the treatment of MetS. Current treatments primarily address
individual diseases that make up the syndrome. Many of these conditions are chronic,
necessitating lifelong therapy. Although physical exercise is recommended in managing MetS,
it is observed that regular physical exercise may not be feasible for all individuals. The
prolonged administration of multiple drugs increases the likelihood of drug-drug interactions,
potentially leading to additional complications (Suriyapakorn et al., 2019). A study conducted
by Khan et al. described the prescription patterns for patients with MetS, where 33.8% of these
patients were prescribed three or less, 60.56% patients were prescribed four to six, and 5.63 %
patients were prescribed with more than 6 drugs. Considering the severity of drug-drug
interactions 17.96 % patients experienced minor interactions, 78.12 % experienced moderate
interactions, and around 3.9 % patients experienced major drug interactions (Khan et al., 2020).

The prescription of multiple drugs may lead to drug-drug interactions, imposing an
increased economic burden on patients. Therefore, there is a critical need for a single drug or
targeted therapy, to effectively manage this syndrome. Given the complexity of MetS and the
need for safer, and more effective therapeutic approaches. This review will further explore the
current understanding of MetS pathophysiology, with elucidating potential molecular targets
for future therapeutic interventions.

Etiology

Due to multifaceted nature and association of multiple diseases in the development of MetS,
precise pathophysiology of MetS remains unclear. Contributing factors like genetic, improper
calorie intake management, reduced physical activity, dysbiosis in gut health, and increased
stress, induce pathological changes in various body systems. Key affected systems include the
brain, liver, pancreas, adipose tissue, and blood vessels, leading to imbalance in physiological
conditions that contribute to the development of MetS. With the development of MetS, the
likelihood of developing co-morbidity diseases also increases like type II diabetes,
cardiovascular diseases, NAFLD, PCOS, OSA (obstructive sleep apnea), chronic liver disease,
osteoarthritis, certain cancers (colorectal, prostate, breast), pregnancy complications, dementia
and cognitive impairment, stress, anxiety, oxidative stress, inflammatory mediators (Rochlani
et al., 2017; Mendrick et al., 2018; Silveira Rossi et al., 2022) (Figure 2).
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Figure 2: Systemic alterations and disease outcomes linked to MetS. This figure illustrates the key
factors contributing to MetS, including genetic, sedentary, and high calorie. It also shows various
pathological changes in adipose tissue, liver, pancreas, Blood vessels and brain that lead to MetS.
Additionally, it highlights the associated diseases like cardiovascular disease, type || DM, NAFLD,
PCOS, and anxiety, emphasizing the interconnected nature of these conditions.

Hyperglycemia

RISK FACTORS FOR METS

It refers to increased fasting blood glucose (= 100 mg/dL). When cells are exposed to
elevated levels of glucose, there is a reduction in transport of glucose into the cytoplasm to
maintain internal glucose homeostasis. However, some cells couldn’t maintain rate of glucose
transport into cytoplasm, causing intracellular hyperglycemia. This condition results in glucose-
induced vascular inflammation (Dandona et al., 2004). Hyperglycemia also impairs, immune
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system by stimulating the release of cell adhesion molecules and various inflammatory
cytokines, further inhibiting leukocyte function (Furnary and Wu, 2006). Additionally,
hyperglycemia promotes the production of superoxide in endothelial cells, leading to
microvascular damage, endothelial dysfunction and vascular inflammation (Du et al., 2006).
Hyperglycemia, indicates a persistent condition of dysregulated glucose levels in bloodstream,
which may arise from dysfunctional or compromized beta cell activity, along with peripheral
and hepatic insulin resistance. These factors lead to irregular glucose production in the liver.
Elevated glucose levels stimulate increased insulin production, resulting in hyperinsulinemia,
further exacerbating insulin resistance (Bansal, 2015). Hyperinsulinemia also leads to
inadequate lipolysis, causing insufficient fat breakdown and energy consumption, which in turn
leads to overeating and fat accumulation. Collectively, it worsens insulin resistance and
promotes inflammation, which accelerates the onset and worsening of metabolic imbalances
linked to metabolic syndrome (Porte, 1999; Duggal, 2022; Singh et al., 2023).

Dyslipidemia

In MetS, there is an imbalance in the lipid profile, characterized by decreasing fasting HDL
levels (Lee and Siddiqui, 2019) and increasing triglyceride levels. A meta-analysis has
demonstrated that triglyceride levels function as an independent risk factor for cardiovascular
heart disease, even when other factors were also considered (Eckel et al., 2005; Koo et al.,
2021). Elevated triglycerides and free fatty acids leads to hyperinsulinemia, which in turn
causes insulin resistance (Bays et al., 2005). Insulin plays a significant role in inhibiting
lipolysis, breakdown of fats in adipose tissue. However, as insulin resistance increases,
hyperglycemia further elevates circulating insulin levels. When adipose tissue becomes
resistant to insulin effect, the inhibitory mechanism on lipolysis diminishes, which leads to
increased levels of FFA, from adipocytes via hormone sensitive lipase action and through
lipoprotein lipase activity in other tissues. The liver then takes up the increased FFA, resulting
in increasing the levels of very low-density lipoproteins (VLDL) and increases availability of
triglycerides, which contribute in the production of cholesterol. Hypertriglyceridemia also
cause change in other lipoproteins, specifically HDL and LDL. All these alterations lead to the
development of atherogenic dyslipidemia, a key feature of MetS (Eckel et al., 1995; Menuet et
al., 2005).

Visceral obesity

Clinical research on obesity indicates that the pattern of fat distribution in the body, rather
than the total amount of fat, is a critical factor for obesity-related health risks. Particularly the
accumulation of visceral fat around vital organs like liver, pancreas, and intestine within the
abdominal cavity (Di Chiara et al., 2012). Males with a waist circumference of 102 cm (40
inches) or greater and females with 88 cm (35 inches) or greater are classified as having high
visceral fat levels, which comprise approximately 10-20 % of the body’s total fat
(Wajchenberg, 2000). A study using computed tomography to assess adipose tissue, concluded
that the accretion of visceral fat significantly contributes to conditions like hyperlipidemia,
hypertension, diabetes, and atherosclerosis (Matsuzawa et al., 2004). Another study indicates
patients with visceral adiposity despite their mild obesity experience an increased prevalence
of coronary artery disease (Nakamura et al., 1994). With an increase in visceral fat, there is a
high chance of hypoadiponectinemia and altered adipokine release (Scherer et al., 1995).
Hypoadiponectinemia and adipokines could be the major regulators for vascular changes and
metabolic disorders, including insulin resistance leading to MetS (Després and Lemieux, 2006;
Neeland et al., 2019).
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Sleep apnea

OSA is a significant and potentially fatal disorder characterised by repeated disturbances or
interruptions in breathing during sleep. It is closely linked to obesity. Excessive body weight
contributes to partial or complete collapse in the upper airways, leading to decreased oxygen
saturation (Sankri-Tarbichi, 2012). OSA causes repetitive apneas and hypopneas, which results
in hypoxia, sleep arousal and hemodynamic changes (Pinto et al., 1993). These disruptions
further exacerbate respiratory distress, increasing fatigue, lethargy and cause additional
respiratory problems while slowing metabolism. Despite respiratory events, OSA stimulated
the stimate nervous system, leading to an increase in both blood pressure and heart rate. The
National Commission on Sleep Disorders Research, estimates that sleep apnea contributes to
approximately 38,000 cardiovascular fatalities each year (Chokroverty, 2010). Furthermore,
OSA raises the 140 % likelihood of heart failure, 60 % of stroke, and 30 % of coronary heart
disease (Shahar et al., 2001). Hypertension affects 40 % individuals diagnosed with sleep apnea
(Fletcher, 1995). Clinical data from the Mayo clinic indicates that 60 % of patients with sleep
apnea also have MetS, compared to 40 % of those without the condition (Parish et al., 2007).
Patients with sleep apnea experience repetitive hemodynamic oscillations during night,
impacting blood pressure, heart rate, and cardiac function (Nieto et al., 2000). Hypoventilation
is often observed in these patients, which contributes to obesity, excessive daytime sleepiness,
and the activation of systemic arterial hypertension. All these factors leads in the progression
of MetS (Gami et al., 2003).

Hpypertension

Elevated blood pressure is a critical and prevalent factor for the diagnosis of MetS, with
approximately 80 % of MetS patients experiencing hypertension (Chimonas et al., 2010). The
co-existence of MetS and hypertension significantly enhances the risk of developing end-organ
damage, including intima-media thickness, microalbuminuria, hypertrophy, and hypertensive
retinopathy (Athyros and Mikhailidis, 2015; Katsimardou et al., 2020). Various pathological
mechanisms have been suggested for the onset of MetS. These mechanisms include insulin
resistance, stimulation of sympathetic NS, reduced Endothelial Nitric oxide synthase activity,
dysregulation of adipokines, obesity and sodium retention (Kotsis et al., 2018). Insulin
resistance is a major factor in activating the SNS by increasing expression of angiotensin II
receptors and reducing nitric oxide (NO) synthesis, which contributes to elevated heart rate and
blood pressure (Mancia et al., 2007; Tziomalos et al., 2010; Chauhan et al., 2023). Furthermore,
excessive leptin secretion stimulates the hypothalamic-pituitary-adrenal axis, combined with
obstructive sleep apnea and baroreflex dysfunction, further activates the sympathetic nervous
system (Mancia et al., 2007, Schlaich et al., 2015). Dysregulation of adipokines, which are
signalling molecules released by adipocytes, and promotes inflammation and worsening insulin
resistance. Obese patients exhibited an increase in renal tubular reabsorption, leading to
retention of sodium, which further increases the risk in development of MetS (Kotsis et al.,
2010).

Metabolic acidosis

Metabolic acidosis is a disorder characterised by an imbalance in the body’s acid-base
homeostasis, resulting in a decrease in blood pH due to a reduction of serum bicarbonate
concentration. This condition arises from the accumulation of acids (anions) or the loss of
bicarbonate from the kidneys. To maintain normal pH, kidneys reabsorb all filtered bicarbonate
(HCO3") in the proximal tubule and excrete daily H ions from the collecting duct. The proximal
tubule absorbs approximately 80 % of the filtered HCOj3", 10 % is absorbed by the ascending
loop of Henle, and the remaining is absorbed by distil convoluted tubule (DCT) (Rector, 1983).
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Daily acid excretion (50-80 mEq of H+) occurs through free H+ excretion, ammonium
excretion, or titratable acidity. The urine pH can decrease as low as 5, indicating maximum
acidification. A urine volume of 3 liters will contain approximately 0.03 mEq of free H+,
highlighting inadequate H+ excretion. Therefore, renal mechanisms involved in acid-base
balance, including kidney acid balance and ammonium production, play a significant role
(Verlander et al., 1988). Severe acidosis can lead to cardiovascular complications like
hypotension due to decreased peripheral vascular resistance, reduced cardiac output and an
increased predisposition to cardiac arrhythmias. Additionally, it can result in reduced hepatic
blood flow, insulin resistance, elevated calcium levels, decreased ATP synthesis, and gastric
atony, where the stomach loses its muscle tone, leading to digestive issues (Kraut and Madias,
2010; Celotto et al., 2016).

Insulin resistance

Insulin resistance is a metabolic condition characterised by reduced cellular responsiveness
to the insulin hormone, which is secreted from pancreas and has role in blood glucose
homeostasis. To compensate for elevated glucose levels, pancreatic beta cells secrete more
insulin (hyperinsulinemia) to maintain euglycemia. However, with time, beta cells may be
unable to cooperate with increased insulin production. As a result, insulin levels become
insufficient to overcome this resistance, leading to hyperglycemia. This failed compensatory
mechanism, when coupled with IR, leads to the development of type II DM (Wilcox, 2005;
Chalotra et al., 2024a). Considering its major targets, IR in skeletal muscles impairs insulin
signalling pathways, reducing GLUT4 translocation to cell membrane, thereby decreasing
glucose uptake. In the liver, it may cause an increase in hepatic glucose levels. Normally, FFA
which are derived through triglycerides breakdown in adipose tissue, by the influence of cAMP,
which is elevated during lipolysis, particularly during fasting conditions (Roberts et al., 2013).
Postprandially, insulin typically inhibits lipolysis by reducing cAMP activity (Alberti et al.,
2005; Savage et al., 2007). Whereas in a state of insulin resistance, this inhibitory effect is
diminished, causing increased lipolysis and FFA levels. Increased FFA leads to hepatic insulin
resistance by promoting the production of glucose, triglycerides, apolipoprotein B (apoB), and
VLDL, which are atherogenic and contribute to cardiovascular diseases (Zhao et al., 2020). In
adipose tissue, insulin resistance leads to dysregulated lipolysis, causing the release of
excessive FFA, contributing to lipotoxic effects on other tissues, and exacerbating metabolic
syndrome (Jensen et al., 1989; Choi et al., 2010). Insulin resistance also causes an increase in
mild inflammation characterised by increased levels of inflammatory cytokines and oxidative
stress. It also promotes alteration in mitochondrial functions, reduced oxidative capacity, and
increased lipid accumulation. All these conditions further leads in the development of MetS
(Dandona et al., 2004; Hurrle and Hsu, 2017; Chalotra et al., 2024b).

MOLECULAR TARGETS OF METS

Several molecular targets have been identified for their roles in addressing metabolic
diseases that collectively contribute to the development of MetS. These targets are key
regulators of obesity, dyslipidemia, hypertension, and hyperglycemia conditions that define
MetS. According to the criteria for MetS, the diagnosis requires the presence of at least three
factors, one of which is obesity. In this study, only those molecular targets that have a direct or
indirect role in influencing at least three of these conditions, with obesity as a key factor, are
considered. These targets include:
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AMPK

Adenosine 5’ monophosphate activated protein kinase (AMPK) is a critical cellular energy
sensor in cells which maintains energy homeostasis. AMPK is activated when the AMP/ATP
ratio increases, which occurs during conditions like hypoxia, metabolic stress, and glucose
deprivation. AMPK has a significant contribution in the metabolism of lipids and glucose, cell
survival, growth and inflammation. AMPK activation promotes catabolic pathways which
produce ATP with inhibition of anabolic processes which requires ATP. Activation of AMPK
is mediated via two primary signals, AMP-dependent pathway via LKB1 and another by Ca2+
dependent mediated by CaMKKJ (Sanders et al., 2007). AMPK serves as a central regulator of
sensing cellular energy levels and becoming activated through mechanisms involved in
allosteric and phosphorylation regulation by AMP. In the liver, AMPK modulates glucose
balance by downregulating gluconeogenesis, both at the gene expression level and by reducing
hepatic glucose production. AMPK activation enhances the phosphorylation of GSK-38, while
concurrently decreasing cAMP response element transcriptional activity and supressing the
expression of PEPCK-C, thus inhibiting gluconeogenesis (Horike et al., 2008).

Chronic AMPK activation has increased the translocation of Glut4 in plasma membrane,
increasing the uptake of glucose, and glycogen content in skeletal muscles, and adipose tissue
(Holmes et al., 1999). AMPK activates and phosphorylates eNOS, promoting production of
NO, which is a vasodilator that maintains homeostasis in blood vessels and regulates blood
pressure (Greig et al., 2015). AMPK also inhibits the HMG-CoA reductase, in biosynthesis of
cholesterol, thereby lowering LDL levels (Loh et al., 2019). Additionally, AMPK inhibits
acetyl-CoA carboxylase, leading to a reduction in malonyl-CoA levels, which subsequently
relieves the inhibition of carnitine palmitoyltransferase 1 (CPT-1), an essential enzyme
involved in fatty acid oxidation (Pimenta et al., 2008). AMPK also reduces mitochondrial ROS
generation while mitochondrial genes in skeletal muscles, increasing NAD+ and sirtuin 1,
leading to the activation and deacetylation of PGC-1a. Muscle mitochondrial dysfunction is
also linked to both IR and metabolic inflexibility in type II DM and obesity, indicating that
AMPK-driven mitochondrial enhancement may help alleviate these conditions (Narkar et al.,
2008). AMPK also regulates PAI-1 which has role in adipose tissue dysfunction, causing
inflammation and insulin resistance; it is a crucial biomarker for MetS (Nawaz and Siddiqui,
2022).

In MetS, there is dysregulation of AMPK activity, which significantly contributes to the
pathogenesis of MetS through multiple mechanisms, including impaired glucose uptake,
increased blood pressure, dyslipidemia, increased oxidative stress, and decreased fatty acid
oxidation. Several pharmacological agents and hormones have been reported to activate AMPK
in vivo. Changes to mitochondrial efficiency and cellular energy levels may contribute to
energy imbalances and play a role in the activation of AMPK (Zhang et al., 2009) (Figure 3).

Role in MetS: AMPK integrates the regulatory effects of obesity, dyslipidemia,
hypertension, and hyperglycemia which collectively manages MetS. AMPK mitigates obesity
by enhancing fatty acid oxidation and mitochondrial function via inhibition of acetyl-CoA
carboxylase and promotion of carnitine palmitoyltransferase 1 activity (Pimenta et al., 2008).
It manages dyslipidemia by reducing LDL cholesterol levels via inhibition of HMG-CoA
reductase and decreasing triglyceride levels through suppression of lipid biosynthesis (Loh et
al., 2019). Hypertension is managed through activation of eNOS, causing NO production with
improved vascular function (Greig et al., 2015). Hyperglycemia by inhibiting hepatic
gluconeogenesis and enhancing glucose uptake in peripheral tissues via increased Glut4
translocation (Holmes et al., 1999). Insulin Resistance by lowering the levels of PAI-1 and ROS
(Nawaz and Siddiqui, 2022). This comprehensive regulation of energy metabolism, lipid
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profiles, vascular health, and glucose homeostasis highlights AMPK's role in mitigating the
complex pathophysiology of MetS.
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Figure 3: Involvement of AMPK in the pathogenesis of MetS: AMPK: AMP-Activated Protein Kinase;
HMG CoA: 3-Hydroxy-3-Methylglutaryl Coenzyme A; eNOS: Endothelial Nitric Oxide Synthase; Glut4:
Glucose Transporter Type 4; LDL: Low-Density Lipoprotein; CPT: Carnitine Palmitoyltransferase; Acyl
CoA: Acyl Coenzyme A; ROS: Reactive Oxygen Species; NO: Nitric Oxide;

GLP-1:

Glucagon-like peptide-1 is a multifaceted hormone secreted by L-cells of intestines in
response to glucose and various nutrients. It is predominantly expressed in lungs, blood vessels,
heart, breast, kidney, pancreas, CNS and GIT (Korner et al., 2007). In pancreatic B-cells, GLP-
1 regulates insulin expression in response to elevated glucose levels, which is its primary
function. Besides its wide-ranging pharmacological roles, GLP-1 has numerous metabolic
effects. The GLP-1 receptor is involved in slow gastric emptying, glucagon secretion, increased
satiety, and promoting pancreatic -cell mediated insulin secretion. This receptor primarily
modulates elevated blood glucose levels, playing a crucial role in maintaining glucose
homeostasis (DeFronzo, 2009; Cryer, 2011; Pettersson et al., 2011).

GLP-1 receptor agonists, commonly used for the treatment of obesity and type-1I DM, often
referred to as incretin mimetics (Collins and Costello, 2019). Both glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1 incretin hormones, are degraded by DPP-4. Both
GIP and GLP-1 promote insulin secretion in response to oral intake of glucose, a phenomenon
known as the incretin effect (Davidson, 2011; Vilsbell et al., 2012). However, in type-II
diabetes, this effect diminishes, though GLP-1 can revives insulin secretion, making it a
valuable therapy for this condition. In managing type-II diabetes, GLP-1 RA offers multiple
benefits like delayed gastric emptying that regulates the absorption of nutrients; inhibition of
glucagon production from pancreatic a-cells that helps in controlling blood sugar levels.
Additionally, they preserve and promote pancreatic B-cell, stimulating their proliferation.
Patients using GLP-1 RAs often experience weight loss and a lowering of BP (Gallwitz, 2011;
Garber, 2011; Okerson and Chilton, 2012). Furthermore, GLP-1 RAs improve various cardiac
functions, including myocardial contractility, endothelial function, coronary blood flow, left
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ventricular ejection fraction, cardiac output, while minimizing infarction size (Mannucci and
Monami, 2017; Zheng et al., 2018). In kidneys GLP-1 increase in sodium excretion (Gutzwiller
et al., 2006). It also increases the glucose uptake in muscles and decrease glucose production
in the liver. GLP-1 RA also regulates neuroprotective effects and increased satiety via the
hypothalamus. Overall, these medications offer a decrease in mortality rate, leading to a
comprehensive treatment option for type II diabetes and obesity, which are two major factors
in MetS (Seufert and Gallwitz, 2014; Hinnen, 2017).

Role in MetS: GLP-1 receptor agonists (RAs) are crucial in managing MetS. These agents
boost insulin secretion in response to glucose levels, improving glycemic control and managing
hyperglycemia (Davidson, 2011; Vilsbell et al, 2012). Additionally, GLP-1 RAs regulate and
lowers gastric emptying time and promote satiety, leading to reduced food intake and
subsequently weight loss, which directly combats obesity. Though the suppression of glucagon
release from pancreatic a-cells, GLP-1 RAs aid in stabilizing blood glucose levels and lowers
risk of dyslipidemia (Gallwitz, 2011; Garber, 2011; Okerson and Chilton, 2012). Furthermore,
they have positive cardiovascular effects by reducing BP, enhancing endothelial function, and
increasing cardiac output (Mannucci and Monami, 2017; Zheng et al., 2018). The multifaceted
actions of GLP-1 RAs, including their influence on renal sodium excretion and liver glucose
production, contribute to their efficacy in managing MetS.

SGLT-2:

The kidneys play a crucial role in glucose metabolism; filtering roughly 180 grams of
glucose daily through glomeruli, with nearly all of which is resorbed in the renal proximal
convoluted tubule (RPCT). This reabsorption accounts for 90-95 % of filtered glucose is
primarily facilitated by sodium-glucose co-transporter 2 (SGLT2), located in the S1 segment
of the proximal tubular epithelial cells in kidneys (Chao and Henry, 2010). SGLT-2 is also
expressed in the alpha cells of pancreatic islets. SGLT2 inhibitors are used in managing type II
DM due to their multiple beneficial effects, including glucosuria and osmotic diuresis, which
result in increased urinary glucose excretion and diuresis, respectively. This mechanism helps
lower blood glucose levels, reduces body fat, and improves metabolic profile. Additionally,
SGLT2 inhibitors contribute to lowering high blood pressure and have renal and cardiac
protective properties (Premyji et al., 2022).

However, SGLT2 inhibitors are associated with potential adverse events, such as volume
depletion and euglycemic diabetic ketoacidosis. This condition appears to be related to elevated
glucagon levels, which promote the B-oxidation of fatty acids and hepatic ketone production.
Other risks include genital infections, urosepsis, and amputations associated with certain drugs
in this class. Overall, it’s important to note that extent of weight loss is modest; in initial four
weeks of treatment, water and electrolytes may be lost, followed by preferential loss of fat mass
(Gharaibeh et al., 2019). Despite these risks, SGLT2 inhibitors have positively affected various
health parameters, including reductions in total and visceral fat mass, body weight, and serum
ALT and AST levels. Even with increased food intake, increased urinary calorie loss offsets
this effect. Furthermore, these inhibitors lead to decreased glucose and insulin levels in the
body.

Role in MetS: SGLT2 inhibitors show a role in managing metabolic syndrome. By
inhibiting SGLT2 in the RPCT, these agents enhance glucosuria and osmotic diuresis, leading
to increased urinary glucose excretion and subsequent reductions in blood glucose levels and
body fat (Premji et al.,, 2022). This mechanism not only lowers hyperglycemia but also
promotes modest weight loss by preferentially reducing fat mass (Ni et al., 2020). SGLT2
inhibitors additionally lower blood pressure through their diuretic effect, contributing to better
hypertension management (Premji et al., 2022). Moreover, these drugs improve the metabolic
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profile by reducing visceral fat, AST and ALT (Premji et al., 2022). Despite potential adverse
events such as volume depletion and euglycemic diabetic ketoacidosis, the overall benefits of
SGLT?2 inhibitors, including their renal and cardiac protective properties, make them valuable
for addressing the multifaceted components of metabolic syndrome (Premji et al., 2022).

HMG-CoA

Hydroxymethylglutaryl coenzyme A, also known as HMG-CoA, is a metabolic
intermediate involved in various metabolic pathways, mainly the mevalonate and ketogenic
pathways (Bhagavan and Ha, 2011). The mevalonate pathway includes the conversion of acetyl
CoA to HMG-CoA, which later converts into mevalonic acid, which ultimately leads to the
biosynthesis of cholesterol, steroid hormones, and bile, where excessive accumulation of
cholesterol leads to dyslipidemia, increasing cardiovascular risks, and insulin resistance
(Pihlajamidki et al., 2004); glucocorticoid hormone like cortisol promote obesity, insulin
resistance, and hypertension (Varughese et al., 2014; Beaupere et al., 2021). Bile, an important
regulator of systemic metabolism, plays a role in the absorption of fat and modulation of
cholesterol and glucose metabolism by FXR and TGR5/M- BAR regulators (Gonzalez-
Regueiro et al., 2018). Drugs like statins used as HMG-CoA reductase inhibitors, block the
conversion of HMG-CoA to mevalonic acid. These are utilized for both primary as well as
secondary prevention of coronary heart diseases, and are highly effective in managing
hypercholesterolemia, by lowering total cholesterol, low-density lipoprotein, and triglycerides,
while raising high-density lipoprotein (Stancu and Sima, 2001). The reduction in intercellular
cholesterol triggers the activation of sterol regulatory element for binding protein (SREBP),
which then migrates to the nucleus, where it binds to sterol response elements, leading to the
conversion of cholesterol into bile salts (Mausner-Fainberg et al., 2008; Bansal and Cassagnol,
2019). Besides lowering lipid concentrations, HMG-CoA reductase inhibitors provide
cardiovascular protection by maintaining the integrity of atherosclerotic plague, reducing
inflammation and CRP levels, improving endothelial functions via eNOS activity and
decreasing thrombogenicity by inhibiting platelet activity and thromboxane A2 synthesis
(Anderson et al., 1995; Rosenson and Brown, 2002).

Furthermore HMG-CoA in the presence of HMG-CoA lyase converts to acetoacetate and
also releases acetyl CoA. This acetoacetate converts into ketone bodies like acetone and D-3-
hydroxybutyrate (Bhagavan and Ha, 2011). Ketone bodies have multiple pharmacological
actions in MetS. They act as an alternate fuel for the body. Ketone bodies also promote
resistance to inflammatory and oxidative stress, with various cell protective mechanisms like
NRF-2, and AMPK. In heart, ketone bodies have shown improvement in resistance to the
cardiotoxic effect of doxorubicin (Kolb et al., 2021; Liu et al., 2021).

Role in MetS: HMG-CoA plays important role in MetS through its involvement in
mevalonate and ketogenic pathways. In mevalonate pathway, the HMG-CoA is converted to
mevalonic acid, leading to cholesterol synthesis (Pihlajamaiki et al., 2004). Excess cholesterol
could lead to dyslipidemia, obesity, hypertension, hyperglycemia, which are key components
of MetS. Additionally, HMG-CoA lyase converts HMG-CoA to acetoacetate, forming ketone
bodies like D-B-hydroxybutyrate, which act as alternative fuels, improving insulin sensitivity,
reducing inflammatory and oxidative stress, improving cardiovascular protection and aids in
weight management (Bhagavan and Ha, 2011;- Kolb et al., 2021; Liu et al., 2021). Which all
together contributes to manage MetS.

Leptin
Leptin is a polypeptide hormone encoded by the ob/lep gene and secreted mainly from white
adipose tissue. As an adipocytokine, It plays a vital role in controlling energy expenditure, food
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intake, and overall metabolism by acting through receptors located on hypothalamus. Leptin
primarily maintains energy homeostasis by inhibiting orexigenic neuropeptides such as peptide
YY (PYY) and neuropeptide Y (NPY) (Kaye et al., 1998), and activating anorexigenic
pathways involving neuropeptides like pro-opiomelanocortin (POMC) and corticotropin-
releasing factor (CRF) (Woods and D'Alessio, 2008), which increases energy expenditure and
reducing appetite, thereby regulating body weight (Halaas et al., 1995). In CNS, leptin
interactions with receptors supports these functions, while in the periphery, leptin modulates
insulin sensitivity and glucose uptake highlighting its crucial role in glucose metabolism.

Beyond the energy regulation, leptin exhibit pleotropic effects, impacting a variety of
physiological processes. It influences hematopoiesis and neurogenesis, and neuroprotection by
modulating neuronal activity and survival. Leptin also exert immunomodulatory effects by
regulating inflammatory responses and maintaining immune balance. Additionally, it plays role
in cardiovascular function, regulating blood pressure, glomerular filtration rate, and gastric
emptying. Leptin has been found in the gastric mucosa and fundic glands, suggesting a role in
gastrointestinal function as well (de Candia et al., 2021).

Leptin functions through multiple receptor isoforms categorized as ObR a, ObR b, ¢, d, e,
and f (Lee et al., 1996). The ob gene, encodes a 167 amino acid protein, which includes a 21
amino acids signal peptide, This gene displays an 84 % sequence similarity with the mouse ob
gene (Kaye et al., 2000; Janeckova, 2001). Upon binding to its receptor, leptin activates
multiple intercellular signalling pathways contributing to its regulatory functions across various
organs, including brain, adipose tissue, muscles and kidneys. Additionally, it inhibits water
intake and may contribute to long-term increases in blood pressure (Janeckova, 2001), further
contributing to its cardiovascular effects. A study suggests that low doses of leptin (100 ng/kg
to 2 ng/kg) decrease the heart rate, whereas at (> 100 pg/kg), it initially decreases and then
increases heart rate, possibly due to stimulation of the sympathetic NS (Lin et al., 2015).

Leptin dysregulation is critical in pathophysiology of obesity, type II DM and
cardiovascular diseases. In obesity and type II diabetes, leptin levels are elevated (Belhayara et
al., 2019), reflecting a state of leptin resistance, where its effectiveness in regulating appetite
and metabolism is diminished (Vilarifio-Garcia et al., 2024). Elevated serum leptin
concentrations are linked to increased intima-media thickness in the carotid artery, contributing
to atherosclerosis and adverse cardiac remodelling in coronary artery disease (Ciccone et al.,
2001). In MetS, leptin resistance causes weight gain, insulin resistance, and other metabolic
changes by impairing anorexigenic signalling, reduced satiety, and increased energy storage
(Kaye et al., 1998, 2000).

Leptin has role in regulation of thyroid hormone, influencing the hypothalamus
hypothalamus-pituitary-thyroid axis. Disruption of leptin signaling can affect the feedbalck
mechanism between thyroid hormone T4/T3 and the hypothalamus-pituitary axis, potentially
altering metabolic rate (Flier et al., 2000). Moreover, leptin modulates glucose homeostasis by
suppressing glucose-stimulated insulin secretion via sympathetic nervous system activation,
highlighting its interconnected role in metabolic regulation (Coll and Yeo, 2013). Biguanide
hypoglycemic agents has role in reducing insulin resistance whereas second generation
sulfonylureas increase leptin levels in obese patients, offering role in managing metabolic
imbalance and leptin dysregulation (Paz-Filho ete al., 2012). Leptin is a major regulator of
metabolism and energy homeostasis, having effects on the cardiovascular, immune, and
neurological systems. Dysregulation of leptin signaling, underscores its importance in
pathogenesis of cardiovascular as well as metabolic diseases (Vilarifio-Garcia et al., 2024).
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Role in MetS:

Leptin, a crucial regulator of energy homeostasis by regulating metabolism, food intake,
and energy expenditure through hypothalamic receptors. Elevated leptin levels are commonly
observed in obesity and TIIDM, which are associated with increased cardiovascular risks such
as atherosclerosis and adverse cardiac remodelling (Ciccone et al., 2001; Belhayara et al.,
2019). Leptin influences various physiological processes, including glucose metabolism, blood
pressure regulation, and neuroendocrine functions, by interacting with multiple leptin receptor
isoforms (Ob-R) (Janeckova, 2001) (Lee et al., 1996). Leptin also regulates orexigenic and
anorexigenic neuropeptides which are important in controlling appetite and energy balance and
cause effect on insulin sensitivity and cardiovascular health, highlighting its contribution to the
pathophysiology of MetS (Woods and D'Alessio, 2008). The dysregulation of leptin signalling
causes impaired energy balance and metabolic disturbances, leading to development and
progression of MetS.

Asprosin

Asprosin is an adipokine derived from C-terminal segment of profibrillin-1 protein.
encoded by exon 65 and exon 66 of the fibrillin-1 gene on the chromosome 15q21.1. The
presence of FBN1 mRNA in white adipose tissue indicates that this tissue is a primary site for
asprosin production (Yuan et al., 2020). It is thought to play play in regulating adipocyte
browning. Recent research has identified the measurable amount of asprosin in several body
fluids including saliva, urine, serum, plasma, and breast milk (Ugur and Aydin, 2019; Morcos
etal., 2022).

After secretion, asprosin exerts both central modulating as well as peripheral effects.
Centrally it functions as an appetite stimulant hormone by acting on olfactory receptor 4M1
(OR4M1) (Farrag et al., 2023). In the pancreas, asprosin interacts with TLR4, which causes
activation of two pathways, JNK and cAMP, leading to decreased insulin secretion and
increased inflammation. In skeletal muscle, asprosin induces IR via PKC6/SERCA?2 pathway.
In Mesenchymal cells, asprosin activates the ERK1/2 pathway, producing reactive oxygen
species (ROS) and promoting inflammation (Ugur and Aydin, 2019; Morcos et al., 2022; Figure
4).

Role in MetS: Asprosin stimulates appetite via olfactory receptor 4M1, contributing to
obesity. In the pancreas, it binds to toll-like receptor 4 (TLR4), activating JNK and cAMP
pathways, leading to increased inflammation and decreased insulin secretion, causing
hyperglycemia. In skeletal muscle, it induces insulin resistance via the PKCS/SERCA2
pathway. In mesenchymal cells, it activates the ERK1/2 pathway, producing reactive oxygen
species (ROS) and promoting inflammation, exacerbating MetS. All these conditions contribute
in the management of MetS (Ugur and Aydin, 2019; Morcos et al., 2022).

Phosphate dysregulation

Phosphorus is a highly abundant minerals, crucial for intercellular signaling (such as
phosphorylation), energy production in the form of ATP, formation of cellular membranes
(phospholipids), and the synthesis of nucleic acids (DNA and RNA) (Razzaque 2009, 2011).
The dietary recommendation for phosphorus intake in adults in the U.S. is set at 700 mg/day.
However, about one-third of the U.S. population exceeds this amount (Chang et al., 2014),
which has linked to elevated salivary IL-1f and reduced IL-4 levels, potentially contributing to
increased inflammation.
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Figure 4: Asprosin-Mediated Mechanisms in Developing MetS

Fibroblast growth factor 23 (FGF23), an important phosphate homeostasis regulator,
produced by bone cells, undergoes post-translational modifications including (1)
phosphorylation by FAM20C at serine 180 to induce cleavage and (2) O-glycosylation by
GALNT3 on threonine 178 to prevent cleavage (Ichikawa et al., 2009; Tagliabracci et al.,
2014). FGF23 interacts with the FGFR/ aKlotho complex in renal cells, which reduces the
expression of NaPi-2a, leading to decreased phosphate reabsorption in the kidneys and
enhanced phosphate excretion in the urine. It further modulates vitamin D activation, which
further influences phosphate and calcium balance in the body.

Disrupted phosphate regulation elevates the risk of systemic organ dysfunction association
with metabolic syndrome. Hyperphosphatemia causes low-grade inflammation, contributing to
vascular stiffness, and hypertension. These changes adversely affect glucose regulation,
potentially leading to diabetes. Additionally, abnormal metabolism of lipid from high
phosphate levels can contribute to obesity, a significant factor in MetS (Lacerda-Abreu and
Meyer-Fernandes, 2021). Excessive phosphorus intake raises IL-1p levels, which impairs
pancreatic B-cell function by inducing fasting-induced apoptosis via NF-kB activation (Maedler
et al., 2002). This process disrupts insulin production and secretion, further exacerbating
metabolic issues. Its important to recognize that serum phosphate levels do not provide an
accurate reflection of total body phosphate, as the intervascular phosphate pool accounts for
less than 1% of the total body phosphate content (Mousa et al., 2018).
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Excessive phosphate intake may leads to toxicity, potentially causing chronic inflammation
by inducing cytotoxicity effects and interfering with subcellular signalling pathways (Mironov
et al., 2022). This can lead to persistent inflammation and damage to cellular structures. A high
phosphate diet can alter the gut microbial ecosystem, promoting conditions associated with
metabolic syndrome. Various studies demonstrate a linkage in gut microbiota with MetS via
inflammatory pathways (Chassaing and Gewirtz, 2014; Ojo et al., 2021). In-vitro studies have
demonstrated the role of oxidative stress associated with uptake of phosphate in mitochondria,
which contributes to impaired insulin synthesis and secretion (Nguyen et al., 2015). Tonelli et
al. found a correlation between elevated serum phosphate levels and increased cardiovascular
risk (Tonelli et al., 2005). Individuals with serum phosphate level of 3.5 mg/dL were shown to
have 1.55 times higher hazard ratios compared to those with levels below 2.8 mg/dL. While
serum levels under 4mg/dL are generally considered within the normal range, the Mayo Clinic
suggests a reference range of 2.5 — 4.5 mg/dL (Tonelli ete al., 2005).

Role in MetS: Dysregulated phosphate levels, primarily by excessive dietary intake, induce
low-grade inflammation, vascular stiffness, hypertension, while disrupting glucose and lipid
metabolism, thereby promoting insulin resistance, diabetes and obesity (Lacerda-Abreu and
Meyer-Fernandes, 2021). The FGF23 regulates phosphate levels, highlighting the connection
between phosphate homeostasis and metabolic health. FGF23 modulates renal phosphate
reabsorption and vitamin D activation, and its imbalance has been linked to a higher risk of
cardiovascular diseases (Ni et al., 2020). Additionally, it affects gut microbiota, linking gut
health to MetS via inflammatory pathways (Chassaing and Gewirtz, 201; Ojo et al., 2021).
Elevated serum phosphate levels correlate with heightened cardiovascular risks, underscoring
the importance of maintaining balanced phosphate levels to mitigate MetS-related
complications (Figure 5).
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Figure 5: Phosphate dysregulation to MetS: a sequential overview; ISP: Insulin Signalling Pathway;
HSLA: Hormone-Sensitive Lipase Activity;

Inflammatory and oxidative mediators

MetS is recognised as a proinflammatory and prothrombotic state, where adipose tissue,
being a major contributor to its pathophysiology. Adipose tissue serves as both an endocrine
and paracrine organ. In response to excessive nutrition, adipocytes undergo hypertrophy and
hyperplasia, which can sometimes exceed the capacity of the local blood supply, leading to a
hypoxic state. Hypoxia can induce macrophage infiltration, cell necrosis, and production of
adipokines, including pro-inflammatory cytokines and markers of inflammation (Sypniewska,
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2007; Coelho et al., 2013), which leads to the development of oxidative stress and inflammation
(Gupta et al., 2025; Netzer et al., 2015). Adipokines, production like monocyte chemoattractant
protein-1, adiponectin, leptin, irisin, TNF-a, and IL-6, are found to be dysregulated in MetS
(Savas et al., 2020). Several inflammatory markers that influence MetS and obesity including
proinflammatory cytokines IL-6, TNF-a, and IL-1B, which are primarily produced due to
macrophage infiltration triggered by obesity in adipose tissue (Nishimura et al., 2009). Studies
suggest that in diabetes and obesity, there is an increase in inflammatory cytokines, and
neutralization of these inflammatory cytokines improves insulin action in obese rat models (Lo
et al., 2007). Study suggest that the obese mice deficit of TNF-a and iNOS exhibit improved
insulin sensitivity compared to control obese animals (Uysal et al., 1997). Since, insulin
resistance is linked to elevated inflammatory markers, number of inflammatory markers gets
elevated in MetS like the IL-6, leukocyte count, TNF- a and CRP (Schmidt et al., 1999; Duncan
et al., 2003). Study indicate that patients with mild hyperglycemia, like impaired glucose
tolerance also experience inflammation (Miiller et al., 2002). Other diseases like
hyperglycemia, hypertension, and even prehypertension are associated with markers of
inflammation (Kaplan and Frishman, 2001; Lee and Pratley, 2005).

Oxidative mediators, which results from the disproportion between oxidants as well as
antioxidants, play a significant role in onset and progression of various pathophysiological
conditions, including endothelial dysfunction, hypertension, and atherosclerotic cardiovascular
diseases (Netzer et al., 2015). In obesity, excess free radicals and oxidants like ROS and reactive
nitrogen species (RNS) leading to the oxidation of glucose and lipids, processes known as
lipoxidation and glycation, respectively (Dandona et al., 2010). Lipid oxidation results
generates lipoxidation compound such as glyoxal, acrolein, malondialdehyde, and 4-hydroxy-
nonenal (HNE) (Aldini et al., 2007). These products are highly reactive and contribute to
cellular and tissue damage. Similarly, glucose oxidation generates glycation products such as
glyoxal and methylglyoxal, these glycated products are reactive and could modify
biomolecules, leading to cellular dysfunction. Both lipoxidation and glycation products can
interact with amino groups on the amino acids, leading to the formation of AGEs and advanced
lipoxidation end products (ALEs) (Aldini et al., 2007). Which are highly reactive molecules,
linked to elevated inflammation and oxidative stress (Montezano et al., 2015), This further
promotes to chronic inflammation, endothelial dysfunction, IR, and atherosclerosis, which
altogether contributes to the pathogenesis of MetS (Francisqueti et al., 2017) (Figure 6).

Role in MetS: In MetS, excessive nutrition causes adipocyte hypertrophy and hyperplasia,
leading to hypoxia, macrophage infiltration, and the release of pro-inflammatory adipokines.
This dysregulated adipokine production contributes to chronic inflammation and insulin
resistance, key features of obesity, hypertension, dyslipidemia, and hyperglycemia (Kaplan and
Frishman, 2001; Lee and Pratley, 2005; Nishimura et al., 2009). An imbalance of reactive
oxygen and nitrogen species aggravates these conditions by promoting lipid and glucose
oxidation, forming reactive products like AGEs and ALEs. These molecules further enhance
inflammation and oxidative stress, driving the development of endothelial dysfunction,
atherosclerosis, with other MetS-associated complications, causing development of MetS
(Montezano et al., 2015; Francisqueti et al., 2017).
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Figure 6: Impact of inflammatory and oxidative mediators on the progression of MetS

Peroxisome proliferator activator receptors

PPARs are part of nuclear hormone receptor and transcription factor superfamily. They
contains five critical domains (I): the N-terminal A/B domain which includes ligand-
independent activation function-1 (AF1) for receptor phosphorylation, (II) a conserved DNA -
binding domain (DBD) featuring zinc finger motifs for binding to PPREs, (III) a variable D
domain responsible for co-factor interaction, (IV) the E region which contains the ligand
binding domain (LBD) responsible for ligand specificity, receptor activation, and dimerization
with RXR, and (V) the c-terminal F domain which includes ligand-dependent activation
function-2 (AF2) which is essential for co-activator recruitment. The DBD and LBD of human
PPARP/6 and PPARYy show specific amino acid identity percentages compared to human
PPARao.

PPARs has three subtypes, which are classified as PPARa (NR1C1), PPARB/6 (NR1C2),
and PPARy (NR1C3) (Desvergne and Wahli, 1999; Fajas et al., 2001). The activity of PPAR
1soforms is regulated by intricate signaling pathways under different physiological conditions.
Disruption in the regulation of these proteins can result in a range of metabolic disorders,
including insulin resistance, obesity, hypertension, dyslipidemia, and fatty liver disease. PPARs
exert their effects predominantly through a ligand-dependent transactivation mechanism,
modulating the transcription of their target genes (Guan and Breyer, 2001). PPARa is primarily
found in tissues with high catabolic rates of fatty acids metabolism (like muscles, liver, adipose
tissue, renal cortex, and heart), It regulates fatty acid f-oxidation in kidneys, contributing to
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lower circulating triglyceride levels and elevated HDL cholesterol (Sugden et al., 2001). A lack
of PPARa worsen diabetic nephropathy; PPARP/6 is expressed ubiquitously and is involved in
regulating fatty acid oxidation, and energy uncoupling in skeletal muscles, leading to increased
energy expenditure, reduced plasma triglycerides, and elevated HDL levels. PPARY, primarily
expresses in adipose tissue, improves insulin sensitivity, reduces TNF-a expression, and
enhances adiponectin expression (Sugii and Evans, 2011). It also increases fatty acid uptake,
while reducing lipolysis (Ruan et al., 2008), and may exhibit anti-diabetic, anti-inflammatory
and anti-atherosclerotic effects (Leone et al., 1999).

PPARs also modulate the transcription of genes via interacting with various transcription
pathways like AP-1, C/EBP, NF-kB, and STAT, influencing the cytokines-responsive gene
expression. Through the inhibition of these genes, PPARs can decrease cell migration and
recruitment of inflammatory cells, which contribute to thrombosis and vasoconstriction (Guan,
2004). In a study on insulin-resistant rhesus monkeys, treatment with PPARB/3 agonists showed
significant results, including increased HDL cholesterol, reduced LDL and triglycerides, with
improved fasting insulin levels (Oliver et al., 2001) (Figure 7).

Role in MetS: PPARs being part of nuclear hormone receptor family, plays crucial role in
regulating MetS. PPARs consist of three subtypes each with distinct tissue distributions and
functions. PPARa, predominantly found in tissues involved in fatty acid metabolism, such as
the heart and liver, promotes fatty acid f-oxidation, reduces triglyceride levels, and elevates
HDL, thereby alleviating dyslipidemia (Sugden et al., 2001). PPARPB/3, expressed in various
tissues, regulates fatty acid oxidation and energy expenditure, contributing to reduced plasma
triglycerides and improved lipid profiles, both having roles in preventing obesity (Leone et al.,
1999; Ruan et al., 2008). PPARY, primarily in adipose tissue, improves insulin sensitivity,
decreases TNF-a expression, and enhances adiponectin levels, addressing insulin resistance and
inflammation (Leone et al., 1999; Ruan et al., 2008). PPARs also modulate gene transcription
through interference with pathways like NF-kB and AP-1, reducing inflammatory responses.
The therapeutic potential of PPAR agonists has improved lipid profiles and insulin sensitivity
in insulin-resistant models, highlighting their relevance in managing MetS (Sugii and Evans,
2011).

Gut microbiota

Gut microbiota is the term for the vast array of microorganisms that inhabit the digestive
system. The human gut contains approximately 10'* bacteria, weighing around 1.5 kg, which
comprises of 2,000 different species, with a significant majority being anaerobic bacteria
(D’Aversa et al., 2013). Among these, approximately 50 bacterial phyla exists, with five major
phyla predominating in the gut microbiota. Firmicutes and Actinobacteria are gram-positive,
while Verrucomicrobia, Bacteroidetes, and Proteobacteria are gram-negative (Kau et al., 2011).

Firmicutes represent the largest bacterial phylum in the gut microbiota, playing a key role
in breakdown of complex carbohydrates, which enhances energy absorption from food. They
also aid in fibres digestion, generating short-chain fatty acids such as butyrate, acetate and
propionate, which acts as an energy source for gut cells. The enhanced energy extracted from
food can contribute to weight gain. Additionally, Firmicutes aid in maintaining immune
tolerance, prevent inflammation and safeguard the entry of pathogens and toxins into the
bloodstream (Flint et al., 2012; Tremaroli and Béackhed, 2012). Bacteroidetes account for
approximately 20 genera and has significant role in breakdown of complex polysaccharides,
producing metabolic products like lipopolysaccharides, producing metabolic products like
lipopolysaccharides (LPS) and Bacteroides fragilis. These products can influence the gut-brain
axis and central nervous system (CNS) functions (Wexler and Goodman, 2017). Bacteroidetes
also regulate immune response through cytokine production and activation of Th17 lympho-
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cytes. In germ-free animals, the development of the immune system is promoted by the capsular
polysaccharide component PSA from B. fragilis (Ivanov et al., 2008). The genetic capacity of
Bacteroides for polysaccharide degradation is facilitated by polysaccharide utilization loci
(PUL), which also influence polysaccharide synthesis and responsiveness to dietary changes
(Lee et al., 2013). Actinobacteria includes beneficial bacteria like Bifidobacterium, which is a
probiotic strain. These bacteria improve gut health by promoting balanced microbiota and
enhanced immune functions. Verrucomicrobia includes Akkermansia, which is known to
degrade mucous and is essential to maintaining the integrity of the gut lining and promoting gut
health (Hou et al., 2022).
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Figure 7: PPAR-mediated therapeutic strategies for MetS

Increased food intake with reduced physical activity can cause alterations in the gut
microbiota, leading to an imbalance in various microbial populations (Turnbaugh et al., 2006).
For example, the microbiota in obese individuals exhibit an increased capacity for extracting
energy, storage it as triglycerides, and utilization through fatty acid oxidation. This microbiota
composition regulates various gene expressions and modulates several metabolic pathways,
influencing overall metabolic health. The gut microbiota regulates three main metabolic
processes (Béickhed et al., 2004): (1) Polysaccharide degradation, which involves a complex
polysaccharide degraded to monosaccharides, facilitated by genes enriched in the obese
microbiota. These genes are involved in transporting proteins and fermentation enzymes
(Jandhyala et al., 2015). The elevated concentration of fermentation end products serves as an
energy source and acts as signalling molecules, regulating energy extraction via receptors like

1211



EXCLI Journal 2025;24:1193-1223 — ISSN 1611-2156
Received: June 29, 2025, accepted: July 14, 2025, published: August 29, 2025

GPR41 and GPR43;, primarily expressed in intestinal enteroendocrine cells; (2) Bile acid
metabolism: The composition of bile acid is essential for the solubilization and absorption of
dietary fats and fat-soluble vitamins, which are influenced by gut microbiota. Bile acid also acts
as a signalling molecule, engaging with receptors like FXR, which stores hepatic fat and
lipoperoxidation, and TGRS, which increases GLP-1 release and improves liver and pancreatic
functions (Thursby and Juge, 2017); (3) Trimethylamine production: Gut microbiota derived
trimethylamine, which is produced from dietary choline found in foods like eggs and red meat,
is a proatherogenic compound that links microflora alterations in the intestines to
cardiovascular risk. Choline is crucial for cell membranes and lipid metabolism (Zeisel and Da
Costa, 2009; Tremaroli and Biackhed, 2012; Chalotra et al., 2024c).

The gut microbiota also regulates gut permeability, associated with low-grade inflammation
characterised by obesity and metabolic disorders (Cani et al., 2009). The endocannabinoid
system and GLP-2 signalling are two independent mechanisms involved in gut permeability.
Excessive use of antibiotics is a common cause of microbiota imbalance. A study by Bastings
et al., has reported gut microbiota's role in satiety regulation (Bastings et al., 2023). For
management prebiotics, probiotics, and non-absorbable antibiotics like rifaximin are
recommended to restore gut microflora (Ojetti et al., 2009; Delzenne et al., 2011, Chalotra et
al., 2024d) (Figure 8).

Role in MetS: The gut microbiota significantly influences metabolic health, plays a crucial
role in metabolic health, key bacterial phyla like Firmicutes and Bacteroidetes regulate energy
extraction, fat storage, and immune responses, with an increased Firmicutes-to-Bacteroidetes
ratio linked to obesity and related MetS components (Magne et al., 2020). Gut microbiota
influences three primary metabolic processes: polysaccharide degradation, bile acid
metabolism, and trimethylamine production, all of which impact energy balance, lipid
metabolism, and cardiovascular risk (Thursby and Juge, 2017). Moreover, dysbiosis, or
microbial imbalance, disrupts gut permeability, contributing to low-grade inflammation, insulin
resistance, and hypertension (Cani et al., 2009). The modulation of gut microbiota through diet,
probiotics, and targeted antibiotics holds potential for managing MetS and its associated
complications.

Furthermore, additional targets have been identified for further exploration, demonstrating
potential in managing various metabolic conditions. Some of these targets include DPP4:
Dipeptidyl Peptidase 4, an adipokine when an increase in fat cells and smooth and skeletal
muscle cells impairs insulin signalling. In visceral fat patients, there was a five-times increase
in DPP4 compared to subcutaneous fat. With the reduction in body weight, there is two times
decrease in DPP4 levels. DPP4 release correlates with adipocyte size and is a potential source
of its release, linking it with metabolic syndrome (Lamers et al., 2011); MCH-1R: Melanin
concentrating hormone-1 Receptor, a G-protein coupled receptor, also known as somatostatin
receptor like protein or G-protein couple receptor 24. MCH-1R protein is found in rodents, and
higher mammalian species, expressed in various parts of brain, also associated with olfaction,
feeding behaviour, and energy homeostasis (Kowalski and McBriar, 2004); GPR119: It is a
receptor, that belongs to GPCR family that operates through two mechanisms: it enhances
insulin secretion from the pancreas and triggers the release of incretins from the intestines,
These incretins are key in modulating insulin secretion, promoting feeling of satiety, and
regulating glucagon secretion (Yang et al., 2018); Glucokinase regulatory protein: These are
small molecules which inhibits the interaction between glucokinase and its regulatory proteins.
Genome wide association studies have identified glucokinase and its regulatory protein as
potential targets for managing T II DM, NAFLD, and dyslipidemia; AT1 receptors: Angioten-
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sin I receptor antagonist has shown anti-obesity effects and restores leptin sensitivity (Miiller-
Fielitz et al., 2014); FXR: The Farnesoid X Receptor is a nuclear receptor for bile acid that acts
as a transcription factor, modulating the expression of specific targeted genes. It is highly
expressed in the intestines, liver, adipose tissue, kidney and adrenal glands. It helps protect liver
cells from bile acids. It improves insulin signalling and insulin-induced glucose uptake in
adipocytes (Cariou et al., 2006). It has reported roles in glucose homeostasis, lipid metabolism,
atherosclerosis (Cariou and Staels, 2007); sEH: Soluble epoxide hydrolase modulates the
inflammatory condition. Elevated sEH activity in adipose tissue leads to low-grade
inflammation promoting MetS (Bah et al., 2024). These targets and the molecular targets
mentioned in this manuscript could be either targeted alone or in combination to mitigate all
possible conditions associated with the therapeutic management of MetS.

FUTURE PERSPECTIVE AND CONCLUSION

Management of MetS remains a complex challenge influenced by various physiological,
genetic, molecular, and environmental factors. Conditions like hyperglycemia, dyslipidemia,
hypertension, visceral obesity, oxidative stress, inflammation, and gut dysbiosis play central
roles in the development of MetS (Yamaoka and Tango, 2012). Excessive phosphate intake
also contributes to MetS by promoting inflammation, vascular stiffness, and hypertension,
further contributing to metabolic disturbances like insulin resistance, diabetes, and obesity. Gut
dysbiosis also influences absorption, fat storage, and immune responses, playing a significant
role in MetS progression and linking microbial imbalance to obesity, insulin resistance, and
cardiovascular risks.

The interaction of these diseases amplifies the severity of the syndrome, necessitating a
multifaceted approach which targets multiple underlying conditions. Recent advancements
have unveiled new therapeutic targets that hold the potential to manage MetS including PPAR,
leptin, asprosin, gut microbiota, and signalling pathways like AMPK. AMPK signalling
pathway has a complex network of pharmacological roles; it also involves the regulation of
various metabolic conditions and fatty acid pathways, including ROS (Srivastava et al., 2012;
Bullon et al., 2016). GLP-1 receptor agonists have demonstrated a role in type-II diabetes and
obesity management by enhancing insulin secretion, promoting weight loss, and regulating
cardiovascular, renal, and hepatic functions (Sattar et al., 2021). SGLT2 inhibitors help lower
blood glucose levels, mild to moderate body fat or obesity, with blood pressure. The effects of
obesity are not so prominent, so combination with drugs like GLP-1 agonist, shows greater
benefits in conditions like obesity, atherosclerotic, cardiovascular disease and heart failure
(Pereira and Eriksson, 2019). Leptin a key regulator of appetite, metabolism, and energy
expenditure, gets dysregulated in obesity and type II diabetes, leading to leptin resistance,
which leads to the development and progression of MetS. Targeting leptin resistance can restore
energy balance, and improves insulin sensitivity. Similarly, asprosin, an adipokine that plays
role in appetite, inducing insulin resistance and inflammation, contributing to obesity and
metabolic dysregulation in MetS; but research on its therapeutic modulation remains limited or
unexplored yet. PPARs with their three subtypes, are crucial for regulating fatty acid
metabolism, which helps to regulate fatty acid metabolism, insulin sensitivity, and
inflammation, making them key targets for managing metabolic syndrome (MetS) by
improving lipid profiles, reducing insulin resistance, and controlling inflammation.
Additionally, targeting specific molecular pathways involved in inflammation and oxidative
stress mechanisms could further alleviate the conditions associated with MetS.

Future research should prioritise validating these targets in clinical studies and developing
specific inhibitors or activators to modulate their activity effectively. Advancements in
genomics and metabolomics enable the identification of biomarkers that predict the molecular
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mechanisms through individual responses to therapy and guide personalised treatment
strategies. Using molecular-targeted medications alone or combined with other therapeutic
approaches could markedly improve the chances of developing an effective treatment strategy
for MetS. Moreover, the development of selective drugs and the exploration of emerging
molecular targets like MCH-1R, glucokinase regulatory proteins, sEH, GPR119, and FXR offer
new therapeutic opportunities to address obesity, insulin resistance, inflammation, and
dyslipidemia, which are hallmark features of MetS. Ultimately, integrating ongoing research
on molecular targets with clinical studies will establish a comprehensive scientific foundation
necessary for developing a wide range of therapeutic strategies, allowing for a safer, effective
approach that targets the multifaceted nature of this complex disorder.
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