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Metabolic	diseases,	including	obesity,	type	2	diabetes	mellitus,	metabolic	syndrome,	non-alcoholic	fatty	liver	disease,	
and	 cardiovascular	disorders,	 represent	major	 global	 health	 challenges	 due	 to	 their	 increasing	prevalence	and	
signi�icant	 contribution	 to	 morbidity	 and	 mortality.	 Growing	 evidence	 indicates	 that	 chronic	 low-grade	
in�lammation	and	oxidative	stress	are	key	pathogenic	mechanisms	underlying	the	initiation	and	progression	of	these	
metabolic	disorders.	Excess	nutrient	intake,	sedentary	lifestyles,	genetic	predisposition,	and	environmental	factors	
promote	 metabolic	 dysfunction,	 leading	 to	 the	 overproduction	 of	 reactive	 oxygen	 species	 and	 activation	 of	
in�lammatory	 signaling	 pathways.	 Persistent	 oxidative	 stress	 damages	 cellular	 macromolecules,	 impairs	
mitochondrial	 function,	 and	 disrupts	metabolic	 homeostasis,	while	 chronic	 in�lammation	 contributes	 to	 insulin	
resistance,	endothelial	dysfunction,	adipose	tissue	remodeling,	and	organ	damage.	The	complex	interplay	between	
oxidative	 stress	 and	 in�lammatory	 processes	 creates	 a	 vicious	 cycle	 that	 accelerates	 disease	 progression	 and	
increases	 the	risk	of	metabolic	complications.	Recent	advances	 in	molecular	biology,	genomics,	and	 therapeutic	
research	have	improved	understanding	of	the	mechanisms	linking	in�lammation	and	oxidative	stress	with	metabolic	
diseases.	This	review	discusses	the	biological	basis	of	oxidative	stress	and	in�lammation,	their	role	in	major	metabolic	
disorders,	 associated	 molecular	 pathways,	 therapeutic	 interventions,	 and	 future	 perspectives	 for	 improving	
metabolic	health	outcomes.
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1.	Introduction
Metabolic diseases have emerged as one of the most 
pressing public health concerns worldwide. The rapid 
increase in obesity, type 2 diabetes mellitus, 
metabolic syndrome, non-alcoholic fatty liver disease 
(NAFLD), and cardiovascular diseases has imposed 
substantial burdens on healthcare systems and 
economies [1]. These disorders are characterized by 
disturbances in energy metabolism, glucose 
homeostasis, lipid regulation, and insulin sensitivity, 
often resulting from complex interactions among 
genetic, environmental, and lifestyle factors. In recent 
decades, chronic low-grade in�lammation and 
oxidative stress have been recognized as central 
mechanisms contributing to the development and 
progression of metabolic diseases. Unlike acute 
in�lammation, which serves as a protective response 
to injury or infection, chronic in�lammation persists 
over extended periods and promotes tissue 
dysfunction and disease progression. Similarly, 
oxidative stress occurs when the production of 
reactive oxygen species exceeds the capacity of 
antioxidant defense systems, resulting in cellular and 
molecular damage [2]. 

Numerous studies have demonstrated that 
in�lammation and oxidative stress are closely 
interconnected biological processes. Oxidative stress 
can activate in�lammatory pathways,  while 
in�lammatory responses generate additional reactive 
oxygen species, creating a self-perpetuating cycle of 
cellular injury. This interaction contributes 
signi�icantly to insulin resistance, endothelial 
dysfunct ion ,  adipose  t issue  in� lammation , 
mitochondrial impairment, and organ damage 
observed in metabolic disorders [3]. Understanding 
these mechanisms is essential for developing 
effective prevention and therapeutic strategies aimed 
at reducing the global burden of metabolic diseases.

2.	Overview	of	Metabolic	Diseases
Metabolic diseases encompass a diverse group of 
disorders characterized by abnormalities in 
carbohydrate, lipid, and protein metabolism. These 
conditions frequently coexist and share common 
pathogenic mechanisms, including insulin resistance, 
chronic in�lammation, oxidative stress,  and 
mitochondrial dysfunction [4]. 
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Obesity is considered one of the primary drivers of 
metabol ic  disease  development .  Excessive 
accumulation of adipose tissue promotes the 
secretion of pro-in�lammatory cytokines and 
adipokines that disrupt metabolic homeostasis. Type 
2 diabetes mellitus develops when insulin resistance 
and pancreatic β-cell dysfunction impair glucose 
regulation, leading to chronic hyperglycemia. 
Metabolic syndrome represents a cluster of risk 
factors including abdominal obesity, hypertension, 
dyslipidemia, and impaired glucose metabolism that 
collectively increase cardiovascular risk.
Non-alcoholic fatty liver disease has become the most 
common chronic liver disorder globally and is 
strongly associated with obesity and insulin 
resistance. Cardiovascular diseases, including 
atherosclerosis, coronary artery disease, and 
hypertension, frequently arise as complications of 
metabolic dysfunction [5]. Despite their diverse 
clinical manifestations, these disorders share 
common molecular pathways involving in�lammation 
and oxidative stress, highlighting the importance of 
these mechanisms in metabolic disease pathogenesis.

3.	Biology	of	Oxidative	Stress
Oxidative stress refers to an imbalance between the 
generation of reactive oxygen species (ROS) and the 
body's antioxidant defense mechanisms. Reactive 
oxygen species include free radicals such as 
superoxide anion, hydroxyl radicals, and non-radical 
molecules such as hydrogen peroxide. Under 
physiological conditions, ROS participate in cellular 
signaling, immune defense, and metabolic regulation. 
However, excessive ROS production can cause 
oxidative damage to proteins, lipids, nucleic acids, 
and cellular organelles.
Mitochondria are the primary source of ROS 
generation during cellular respiration. During 
metabolic overload, excessive nutrient availability 
increases mitochondrial electron transport activity, 
resulting in elevated ROS production [6]. Additional 
sources of oxidative stress include nicotinamide 
adenine dinucleotide phosphate oxidases, xanthine 
oxidase, peroxisomes, and in�lammatory cells. The 
body possesses several antioxidant defense systems 
that protect against oxidative damage. Enzymatic 
antioxidants such as superoxide dismutase, catalase, 
and glutathione peroxidase neutralize reactive 
oxygen species, while non-enzymatic antioxidants 
including vitamins C and E, glutathione, carotenoids, 
and polyphenols further contribute to cellular 
protect ion.  When ROS production exceeds 
antioxidant capacity, oxidative stress develops, 
leading to cellular dysfunction and disease 
progression.

4.	Biology	of	In�lammation
In�lammation is a complex biological response 
designed to protect the body against infections, 
injuries, and harmful stimuli. Acute in�lammation is 
generally bene�icial and resolves once the triggering 
factor is eliminated. However, chronic low-grade 
in�lammation can persist for years and contribute to 
the development of various metabolic disorders.
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In�lammatory responses involve activation of 
immune cells including macrophages, neutrophils, 
lymphocytes, and dendritic cells. These cells release 
numerous in�lammatory mediators such as tumor 
necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), 
i n t e r l e u k i n - 1  b e t a  ( I L - 1 β ) ,  m o n o c y t e 
chemoattractant protein-1 (MCP-1), and C-reactive 
protein (CRP). Persistent activation of these 
in�lammatory pathways disrupts metabolic 
processes and promotes tissue damage [7]. In obesity 
and metabolic diseases, adipose tissue functions as an 
active endocrine organ that secretes in�lammatory 
cytokines and adipokines. Enlarged adipocytes 
recruit macrophages and other immune cells, leading 
to chronic in�lammation within adipose tissue. This 
in�lammatory environment contributes to systemic 
metabolic dysfunction, insulin resistance, and 
increased susceptibility to metabolic complications.

5.	 Molecular	 Interactions	 Between	 Oxidative	
Stress	and	In�lammation
Oxidative stress and in�lammation are closely 
interconnected biological processes that play a 
central role in the pathogenesis of metabolic diseases. 
Rather than acting independently, these mechanisms 
interact through multiple molecular pathways, 
creating a self-amplifying cycle that promotes cellular 
dysfunction and disease progression. Excessive 
production of reactive oxygen species can activate 
numerous in�lammatory signaling pathways, while 
in�lammatory mediators further stimulate oxidative 
stress, thereby perpetuating tissue injury and 
metabolic disturbances [8]. One of the most 
important molecular regulators linking oxidative 
stress and in�lammation is nuclear factor-kappa B 
(NF-κB). Reactive oxygen species activate NF-κB 
signaling, leading to increased expression of pro-
in�lammatory cytokines such as TNF-α, IL-1β, and IL-
6. These cytokines subsequently stimulate immune 
cell recruitment and enhance in�lammatory 
responses within metabolic tissues. Simultaneously, 
in�lammatory cytokines promote additional reactive 
oxygen species production through activation of 
NADPH oxidases and mitochondrial dysfunction, 
reinforcing the cycle of oxidative damage and 
in�lammation [9]. Another critical pathway involves 
t h e  N O D - l i ke  re c e p to r  p ro te i n  3  ( N L R P 3 ) 
in�lammasome, which is activated by oxidative stress 
and metabolic overload. Activation of the NLRP3 
in�lammasome results in the production of pro-
in�lammatory cytokines and contributes to insulin 
resistance, adipose tissue dysfunction, and chronic 
metabolic in�lammation. Mitogen-activated protein 
kinases (MAPKs), c-Jun N-terminal kinase (JNK), and 
other stress-responsive signaling pathways also 
mediate the interaction between oxidative stress and 
in�lammatory processes. Together, these molecular 
mechanisms contribute signi�icantly to the 
development and progression of metabolic diseases.

6.	Role	 of	 In�lammation	 and	Oxidative	 Stress	 in	
Obesity
Obesity is characterized by excessive accumulation of 
adipose tissue and is widely recognized as a chronic 
in�lammatory condition. 
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As adipose tissue expands, adipocytes undergo 
h y p e r t r o p h y  a n d  b e c o m e  m e t a b o l i c a l l y 
dysfunctional. These enlarged adipocytes produce 
increased amounts of reactive oxygen species and 
in�lammatory mediators, contributing to local and 
systemic in�lammation [10]. Macrophage in�iltration 
into adipose tissue is a hallmark of obesity-associated 
in�lammation. Activated macrophages secrete pro-
in�lammatory cytokines such as TNF-α, IL-6, and 
MCP-1, which impair insulin signaling pathways and 
promote metabolic dysfunction. At the same time, 
excessive nutrient intake increases mitochondrial 
activity and oxidative stress within adipocytes, 
leading to cellular damage and further in�lammatory 
activation [11]. Oxidative stress also contributes to 
adipocyte  dysfunct ion  by  promoting  l ip id 
peroxidation, mitochondrial impairment, and 
endoplasmic reticulum stress. These changes disrupt 
adipokine production and reduce the secretion of 
bene�icial molecules such as adiponectin, which 
normally enhances insulin sensitivity and exerts anti-
in�lammatory effects. Consequently, obesity-
associated in�lammation and oxidative stress 
establ ish  a  pathological  environment  that 
predisposes individuals to insulin resistance, 
diabetes, cardiovascular disease, and other metabolic 
complications.

7.	Role	 of	 In�lammation	 and	Oxidative	 Stress	 in	
Type	2	Diabetes	Mellitus
Type 2 diabetes mellitus is characterized by chronic 
hyperglycemia resulting from insulin resistance and 
progressive pancreatic β-cell dysfunction. Both 
oxidative stress and in�lammation play fundamental 
roles in the development and progression of this 
disease. Persistent hyperglycemia promotes 
excessive generation of reactive oxygen species 
through multiple pathways, including mitochondrial 
overproduction, glucose autoxidation, advanced 
glycation end-product formation, and activation of 
protein kinase C signaling.
Elevated oxidative stress damages pancreatic β-cells, 
which possess relatively limited antioxidant defenses. 
As a result, β-cell function gradually deteriorates, 
reducing insulin secretion and impairing glucose 
regulation. Simultaneously, oxidative stress 
interferes with insulin signaling pathways in 
peripheral tissues such as skeletal muscle, liver, and 
adipose tissue, contributing to insulin resistance [12]. 
In�lammatory mediators further exacerbate 
metabolic dysfunction in diabetes. Increased 
concentrations of TNF-α, IL-6, and CRP are frequently 
observed in individuals with type 2 diabetes and are 
associated with poor glycemic control. These 
in�lammatory factors impair insulin receptor 
signaling and promote metabolic abnormalities. The 
combined effects of oxidative stress and chronic 
in�lammation accelerate disease progression and 
increase the risk of diabetic complications including 
nephropathy,  neuropathy,  retinopathy,  and 
cardiovascular disease.
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Table	 1:	 Major	 Mechanisms	 Linking	 Oxidative	 Stress	 and	
In�lammation	to	Type	2	Diabetes	Mellitus

8.	Role	 of	 In�lammation	 and	Oxidative	 Stress	 in	
Metabolic	Syndrome
Metabolic syndrome represents a cluster of 
interconnected metabolic abnormalities that 
substantially increase the risk of cardiovascular 
disease and type 2 diabetes. Central obesity, 
dyslipidemia, hypertension, and impaired glucose 
metabolism are key components of this syndrome. 
Chronic in�lammation and oxidative stress are 
increasingly recognized as unifying mechanisms 
underlying these metabolic abnormalities [13]. 
Adipose tissue dysfunction associated with central 
obesity contributes signi�icantly to systemic 
in� lammation.  Increased secret ion of  pro-
in�lammatory cytokines and reduced production of 
anti-in�lammatory adipokines create an environment 
conducive to insulin resistance and endothelial 
dysfunction. Oxidative stress further exacerbates 
these effects by damaging vascular tissues, impairing 
nitric  oxide bioavailabil ity,  and promoting 
hypertension.
Numerous  studies  have  reported e levated 
biomarkers of oxidative stress and in�lammation in 
individuals with metabolic syndrome. Increased 
levels of malondialdehyde, oxidized low-density 
lipoproteins, CRP, TNF-α, and IL-6 have been 
associated with disease severity and cardiovascular 
risk. These �indings highlight the importance of 
targeting in�lammatory and oxidative pathways as 
part of comprehensive management strategies for 
metabolic syndrome.

9.	Role	 of	 In�lammation	 and	Oxidative	 Stress	 in	
Non-Alcoholic	Fatty	Liver	Disease
Non-alcoholic fatty liver disease (NAFLD) has 
emerged as one of the most prevalent liver disorders 
worldwide and is closely associated with obesity, 
insulin resistance, and metabolic syndrome. The 
accumulation of excess lipids within hepatocytes 
initiates a series of metabolic disturbances that 
contribute to oxidative stress, in�lammation, and liver 
injury.
The progression of NAFLD is often explained by the 
"multiple-hit" hypothesis, which proposes that lipid 
accumulation, oxidative stress, mitochondrial 
dysfunction, in�lammatory responses, and gut 
microbiota alterations collectively contribute to 
disease development. Excessive fatty acid oxidation 
within the liver generates large quantities of reactive 
oxygen species, leading to lipid peroxidation and 
cellular damage [14]. In�lammatory pathways are 
activated in response to oxidative injury, resulting in 
the production of cytokines and chemokines that 
promote immune cell in�iltration and hepatic 
in�lammation [17]. 
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Persistent oxidative stress and in�lammation may 
ultimately drive the progression from simple 
steatosis to non-alcoholic steatohepatitis (NASH), 
�ibrosis, cirrhosis, and hepatocellular carcinoma. 
Understanding these mechanisms is critical for 
developing effective therapeutic interventions aimed 
at preventing disease progression.

41. https://academicsociety.org/bio/

Table	2:	 	Impact	of	Oxidative	Stress	and	In�lammation	on	Major	
Metabolic	Diseases

Persistent activation of these pathways promotes 
cellular injury, impairs insulin signaling, alters lipid 
metabolism, and increases susceptibility to chronic 
metabolic complications. Consequently, biomarkers 
of oxidative stress and in�lammation have emerged as 
important indicators of disease risk, severity, and 
therapeutic response. Advances in molecular biology, 
genomics, metabolomics, and biomedical research 
have signi�icantly improved understanding of the 
mechanisms linking in�lammation and oxidative 
stress to metabolic diseases. These discoveries have 
facilitated the identi�ication of novel therapeutic 
targets and have highlighted the potential bene�its of 
interventions aimed at reducing oxidative damage 
and in�lammatory responses. Lifestyle modi�ications, 
including healthy dietary patterns, regular physical 
activity, weight management, and smoking cessation, 
remain essential strategies for mitigating these 
pathological processes. In addition, antioxidant 
therapies, anti-in�lammatory agents, and emerging 
precision medicine approaches offer promising 
opportunities for improving metabolic health 
outcomes. 

10.	Role	of	In�lammation	and	Oxidative	Stress	in	
Cardiovascular	Diseases
Cardiovascular diseases are among the leading causes 
of  death  global ly  and frequent ly  occur  as 
complications of metabolic disorders. Oxidative 
stress and in�lammation contribute signi�icantly to 
the initiation and progression of atherosclerosis, 
hypertension, coronary artery disease, heart failure, 
and other cardiovascular conditions [15-16]. 
Reactive oxygen species promote endothelial 
dysfunction by reducing nitric oxide availability and 
impairing vascular homeostasis. Endothelial 
dysfunction facilitates leukocyte adhesion, vascular 
in�lammation, and smooth muscle cell proliferation, 
which are critical events in atherosclerotic plaque 
formation. Oxidized low-density lipoprotein particles 
further stimulate in�lammatory responses within 
arterial walls, accelerating plaque development and 
instability. Chronic in�lammation contributes to all 
stages of atherosclerosis, from lesion initiation to 
plaque rupture. Elevated levels of in�lammatory 
biomarkers such as CRP, IL-6, and TNF-α have been 
strongly associated with increased cardiovascular 
risk. Furthermore, oxidative stress and in�lammation 
contribute to myocardial remodeling, �ibrosis, and 
impaired cardiac function. Their combined effects 
signi�icantly increase the likelihood of adverse 
cardiovascular events in individuals with metabolic 
diseases.

Conclusion
In�lammation and oxidative stress are now widely 
recognized as fundamental mechanisms underlying 
the development and progression of metabolic 
diseases. A growing body of evidence demonstrates 
that chronic low-grade in�lammation and excessive 
production of reactive oxygen species contribute 
signi�icantly to metabolic dysfunction, insulin 
resistance, endothelial injury, mitochondrial 
i m p a i r m e n t ,  a n d  o r g a n  d a m a g e .  T h e s e 
interconnected processes create a self-perpetuating 
cycle that accelerates the onset and progression of 
obesity, type 2 diabetes mellitus, metabolic 
syndrome, non-alcoholic fatty liver disease, and 
cardiovascular disorders. The complex interactions 
between oxidative stress and in�lammatory signaling 
pathways, including NF-κB activation, cytokine 
production,  in� lammasome act ivat ion,  and 
mitochondrial dysfunction, play crucial roles in 
disrupting metabolic homeostasis. 

References
1. Rani, V., Deep, G., Singh, R. K., Palle, K., & Yadav, U. 

C. (2016). Oxidative stress and metabolic 
disorders: Pathogenesis and therapeutic 
strategies. Life	sciences, 148, 183-193.

2. Vona, R., Gambardella, L., Cittadini, C., Straface, E., 
& Pietraforte, D. (2019). Biomarkers of oxidative 
stress in metabolic syndrome and associated 
diseases. Oxidative	 medicine	 and	 cellular	
longevity, 2019(1), 8267234.

3. C�olak, E., & Pap, D. (2021). The role of oxidative 
stress in the development of obesity and obesity-
related metabolic disorders. Journal	 of	Medical	
Biochemistry, 40(1), 1.

4. Masenga, S. K., Kabwe, L. S., Chakulya, M., & 
Kirabo, A. (2023). Mechanisms of oxidative stress 
in metabolic syndrome. International	 journal	of	
molecular	sciences, 24(9), 7898.

5. Tumurkhuu, M., Bhat, S. A., Hossain, M. Z., Sha�iq, 
M., Hasnain, M. S., Nayak, A. K., & Ahmed, S. A. 
(2025). Cellular and molecular mechanisms in 
metabolic disorders: role of in�lammation and 
oxidative stress. Frontiers	 in	 Pharmacology, 16, 
1580553.

6. Dama, A., Shpati, K., Daliu, P., Dumur, S., Gorica, E., 
& Santini, A. (2024). Targeting metabolic 
diseases: the role of nutraceuticals in modulating 
oxidative stress and in�lammation. Nutrients, 
16(4), 507.

7. Jiang, S., Liu, H., & Li, C. (2021). Dietary regulation 
of oxidative stress in chronic metabolic diseases. 
Foods, 10(8), 1854.

8. Manzoor, Muhammad Faisal, Zaira Arif, Asifa 
Kabir, Iqra Mehmood, Danial Munir, Aqsa Razzaq, 
Anwar Ali et al. "Oxidative stress and metabolic 
diseases: Relevance and therapeutic strategies." 
Frontiers	in	Nutrition 9 (2022): 994309.

9. Raut, S. K., & Khullar, M. (2023). Oxidative stress 
in metabolic diseases: Current scenario and 
therapeutic relevance. Molecular	 and	 cellular	
biochemistry, 478(1), 185-196.

10. Sun, Y., Rawish, E., Nording, H. M., & Langer, H. F. 
(2021).  In�lammation in metabolic  and 
cardiovascular disorders—role of oxidative 
stress. Life, 11(7), 672.

https://academicsociety.org/bio/
https://academicsociety.org/bio/
https://academicsociety.org/bio/


Devendra	Kumar	Sahu.,	/	Biotechnology	Frontiers:	An	International	Journal	(2025)

42. https://academicsociety.org/bio/

15. Dziegielewska-Gesiak, S. (2021). Metabolic 
syndrome in an aging society–role of oxidant-
antioxidant imbalance and in�lammation 
markers in disentangling atherosclerosis. Clinical	
interventions	in	aging, 1057-1070.

16. Spahis, S., Borys, J. M., & Levy, E. (2017). Metabolic 
syndrome as a multifaceted risk factor for 
oxidative stress. Antioxidants	&	 redox	 signaling, 
26(9), 445-461.

17. de Almeida, Arthur Jose Pontes Oliveira, Mathania 
Silva de Almeida Rezende, Sabine Helena Dantas, 
Sonaly de Lima Silva, Julio Cesar Pinheiro Lucio 
de Oliveira, Fátima de Lourdes Assunção Araújo 
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