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Cardiometabolic syndrome (CMS) is a multifactorial disorder characterized by the 
clustering of central obesity, insulin resistance, atherogenic dyslipidemia, hypertension, 
and chronic low-grade inflammation, collectively predisposing individuals to type 
2 diabetes and increased cardiovascular morbidity and mortality. Capsaicin, the 
principal bioactive compound derived from chili peppers, has attracted growing 
interest as a multitarget modulator of the complex pathophysiology underlying CMS. 
Accumulating evidence indicates that capsaicin confers cardiometabolic protection 
predominantly through transient receptor potential vanilloid 1 (TRPV1)-mediated 
signaling, while additional TRPV1-independent mechanisms may also contribute. 
These actions include enhancement of energy metabolism, improvement of insulin 
sensitivity, suppression of inflammatory and oxidative pathways, regulation of 
lipid homeostasis, and preservation of vascular function. Recent studies highlight 
the importance of a capsaicin–gut microbiota axis, whereby capsaicin reshapes 
microbial composition, modulates bile acid and short-chain fatty acid signaling, 
and reinforces intestinal barrier integrity, thereby exerting systemic metabolic and 
cardiovascular benefits. Despite compelling mechanistic and preclinical evidence, 
translation to clinical application remains limited by variability in effective dosing, 
bioavailability, and interindividual differences in gut microbiota composition. This 
review synthesizes current advances in the molecular and physiological actions 
of capsaicin and discusses future perspectives for its clinical development as an 
adjunctive strategy for CMS management.
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1 Introduction

Cardiometabolic syndrome (CMS) is defined by the clustering of central obesity, insulin 
resistance, atherogenic dyslipidemia, hypertension, and chronic low-grade inflammation, a 
constellation that markedly increases the risk of type 2 diabetes, cardiovascular disease, and 
premature mortality (1). With the continuing global rise in obesity and metabolic disorders, 
CMS has emerged as a major public health challenge, placing a substantial burden on 
healthcare systems worldwide (2). Although lifestyle modification and pharmacologic control 
of risk components such as hyperglycemia, dyslipidemia, and hypertension have improved 
outcomes, these strategies remain largely single-targeted (3). These single-targeted approaches 
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are insufficient to address the complex and tightly integrated 
pathophysiology of CMS. This gap highlights the urgent need for 
multi-target strategies capable of simultaneously modulating 
metabolic, inflammatory, and vascular dysfunction (1, 4).

Capsaicin, a pungent vanilloid compound derived from chili 
peppers, has gained increasing attention as a bioactive molecule 
with broad cardiometabolic relevance. It exerts its biological effects 
through both transient receptor potential vanilloid 1 (TRPV1) 
channel-dependent and -independent activation. Beyond its well 
established sensory and analgesic properties, capsaicin enhances 
sympathetic activity and stimulates thermogenesis in brown and 
beige adipose tissue as well as skeletal muscle via TRPV1 
activation-induced Ca2+ dependent signaling cascades, leading to 
increased whole-body energy expenditure, reduced adiposity, and 
improved lipid profiles (5–7). This effect ameliorates metabolic risk 
markers in individuals with obesity or metabolic syndrome, 
highlighting its therapeutic relevance to human cardiometabolic 
health (8, 9). At the intracellular level, capsaicin engages key 
metabolic regulators, including 5′-AMP-activated protein kinase 
(AMPK) and peroxisome proliferator-activated receptor-γ 
coactivator-1α (PGC-1α), which coordinate glucose uptake and 
oxidation, fatty acid β-oxidation, suppression of de novo 
lipogenesis, and mitochondrial biogenesis in liver, muscle, and 

adipose tissue (10–12). In parallel, capsaicin modulates insulin 
signaling and suppresses inflammatory pathways involving nuclear 
factor kappa B (NF-κB) and the NLRP3 inflammasome, which in 
turn regulate adipokine secretion and adipose tissue browning, 
improve endothelial and cardiac function, and influence gut 
microbiota–derived metabolites and bile acid signaling pathways 
(4, 13–15). Collectively, these beneficial actions converge on 
multiple pathogenic nodes of CMS (16–18). (Figure 1).

Despite these advances, an integrated framework explaining how 
capsaicin orchestrates its multitarget actions across metabolic and 
cardiovascular systems in CMS remains incomplete. This review 
therefore aims to systematically synthesize and critically evaluate 
current evidence regarding the cardiometabolic effects of capsaicin 
and TRPV1 signaling. We summarize how capsaicin regulates energy 
metabolism through TRPV1 activation, AMPK signaling, and 
mitochondrial biogenesis and optimization. We further examine its 
roles in alleviating insulin resistance, suppressing inflammatory and 
oxidative pathways, reshaping lipid metabolism and cardiovascular 
risk, and modulating the emerging capsaicin–gut microbiota axis. By 
integrating mechanistic, preclinical, and clinical evidence, this review 
seeks to position capsaicin as a plausible natural multitarget 
therapeutic candidate and to provide a conceptual framework for 
future interventions targeting the complex pathophysiology of CMS.

FIGURE 1

Organ-level actions of dietary capsaicin relevant to metabolic and cardiovascular regulation. Following ingestion, dietary capsaicin acts on multiple 
organs to improve cardiometabolic homeostasis: (i) vasculature: capsaicin increases endothelial eNOS activity and NO production, leading to 
enhanced vasodilation and attenuation of endothelial dysfunction; (ii) liver: capsaicin promotes fatty acid oxidation and reduces steatosis and 
gluconeogenesis, thereby improving hepatic metabolic status; (iii) skeletal muscle: capsaicin enhances insulin-stimulated glucose uptake and 
contributes to increased whole-body energy expenditure; (iv) adipose tissue: capsaicin drives browning of white adipose tissue, augments 
thermogenesis, and reduces adiposity; (v) gut: capsaicin strengthens epithelial barrier integrity, increases short-chain fatty acids (SCFAs), lowers LPS 
translocation, and selectively enriches beneficial taxa such as Akkermansia and Bifidobacterium. Together, these coordinated organ-specific effects 
support improved vascular function, energy balance, and systemic inflammatory and metabolic profiles.
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This narrative review is based on a focused survey of the literature, 
prioritizing high-quality experimental and clinical studies relevant to 
CMS. Efforts were made to ensure balanced coverage of mechanistic, 
preclinical, and clinical evidence.

1.1 Mechanisms of capsaicin regulating 
energy metabolism

1.1.1 TRPV1-dependent and -independent energy 
expenditure

Capsaicin-induced thermogenesis in adipose tissue is initiated by 
activation of TRPV1, a Ca2+ permeable cation channel whose opening 
elevates intracellular Ca2+ and triggers downstream kinase signaling 
(5–7). In brown and beige adipocytes, TRPV1 activation induces a 
thermogenic transcriptional program. This program involves sirtuin 
1 (SIRT1) dependent deacetylation of PR domain containing 16 
(PRDM16), which enhances its coactivator activity and induces 
uncoupling protein 1 (UCP1) expression. Increased UCP1 uncouples 
oxidative phosphorylation and dissipates the proton gradient as heat 
(5, 6). In mice with diet induced obesity, dietary capsaicin 
supplementation or genetic activation of TRPV1 increases the number 
of UCP1 positive beige adipocytes in white adipose tissue and 
improves resistance to obesity. In contrast, deletion of TRPV1, UCP1, 
or PRDM16 in adipose tissue abolishes these effects, linking this 
pathway to whole body energy expenditure and adiposity control (5, 
7). Consistent with these findings, capsaicin increases UCP1 
expression, mitochondrial biogenesis, and oxygen consumption in 
human beige adipocytes. These results indicate that the TRPV1 
dependent thermogenic program is conserved in human adipose 
tissue (19). Collectively, these findings establish a TRPV1-dependent 
thermogenic program in adipose tissue, providing a mechanistic 
framework for interpreting human studies in which dietary capsaicin 
or capsinoids modestly increase energy expenditure, particularly in 
individuals with metabolically active brown adipose tissue (20–23).

In contrast to adipose tissue, capsaicin engages a complementary 
thermogenic mechanism in skeletal muscle that is largely independent 
of both UCP1 and direct TRPV1 activation. In C2C12 myotubes and 
skeletal muscle from obese mice, capsaicin upregulates sarco/
endoplasmic reticulum Ca2+-ATPases (SERCA1/2) and ryanodine 
receptors (RYR1/2), thereby activating ATP-consuming Ca2+ futile 
cycles that recycle Ca2+ across the sarcoplasmic reticulum and 
dissipate energy as heat (13). Capsaicin also increases the expression 
of creatine kinase B and mitochondrial creatine kinase 2, supporting 
a creatine-driven substrate cycle that accelerates mitochondrial ATP 
turnover and thermogenesis (13). Mechanistic analyses indicate that 
these Ca2+ and creatine futile cycles are recruited in obese mice 
primarily through coordinated activation of α₁, β₂ and β₃ adrenergic 
receptors. TRPV1 acts as a synergistic, but not essential, contributor 
to this process. This pathway provides a muscle-based thermogenic 
route that operates largely independently of UCP1 (13). These 
observations align with broader evidence identifying creatine 
dependent substrate cycling and SERCA mediated Ca2+ cycling as 
major thermogenic mechanisms in beige and brown adipocytes. Loss 
of either pathway markedly reduces thermogenic capacity (24–27).

Collectively, these cellular and molecular mechanisms underpin 
clinical studies of non-pungent capsaicin analogs (capsinoids). Acute 
capsinoid ingestion selectively increases whole body energy 

expenditure in individuals with metabolically active brown adipose 
tissue, as assessed by 18F-FDG PET/CT, indicating that brown adipose 
tissue (BAT) mediates the thermogenic response to capsinoids (20, 
21). Longer term capsinoid supplementation increases brown adipose 
tissue vascular density and resting energy expenditure in healthy 
middle-aged adults. Meta analyses of clinical trials also show modest 
but significant increases in resting metabolic rate and fat oxidation, 
particularly in individuals with overweight or obesity (22, 23). These 
findings support the concept that capsaicin and related compounds 
can enhance human energy expenditure, primarily through activation 
of brown and beige adipose thermogenesis, with TRPV1 serving as a 
key but context-dependent mediator.

1.1.2 Regulation of AMPK signaling pathway to 
promote metabolic homeostasis

Beyond its direct thermogenic actions, capsaicin promotes 
metabolic homeostasis by engaging the AMPK signaling axis 
downstream of TRPV1/Ca2+. AMPK functions as a central energy 
sensor that restores metabolic balance by coordinating glucose and 
lipid fluxes. Mechanistic studies indicate that capsaicin activates 
AMPK through cell specific upstream mechanisms. These include 
calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2, 
also known as CaMKKβ) (28), a TRPV1/Ca2+/CaMKK2 axis in 
skeletal muscle cells (29), and a TRPV1/liver kinase B1 (LKB1) 
pathway in prostate cancer cells (30). Together, these pathways define 
a context dependent AMP activated protein kinase activation network 
linked to TRPV1.

In hepatic lipid homeostasis, capsaicin and capsaicinoid 
derivatives shift metabolism toward oxidation and clearance. In 
LKB1-deficient HepG2 hepatocytes challenged with oleic acid, 
capsaicin or capsaicinoid glucoside increases AMPK phosphorylation 
via a TRPV1/Ca2+/CaMKK2 dependent mechanism, leading to 
repression of the lipogenic transcription factor sterol regulatory 
element binding protein 1c (SREBP-1c) and its downstream targets, 
including fatty acid synthase (FASN) and acetyl-CoA carboxylase 
(ACC) (10–12). In parallel, AMPK mediated inhibition of ACC 
reduces malonyl CoA levels and relieves inhibition of carnitine 
palmitoyl transferase 1 (CPT1), facilitating mitochondrial β-oxidation 
and fatty-acid catabolism (12). These coordinated actions suppress 
lipogenesis and promote lipid oxidation, accounting for reduced 
triglyceride and total cholesterol accumulation in oleic acid treated 
LKB1-deficient HepG2 cells exposed to capsaicin or capsaicinoid 
glucoside (10–12). Consistent with cellular findings, chronic 
administration of Miao sour soup, a fermented food containing 
capsaicin, lycopene, and organic acids, reduces weight gain and 
adiposity in obese rats fed a high fat diet. It improves plasma lipid 
profiles, increases hepatic AMPK alpha expression, and reduces 
SREBP 1c, ACC alpha, and FASN levels (11).

AMPK activation by capsaicin also favorably remodels glucose 
utilization. In differentiated C2C12 skeletal muscle cells, TRPV1 
mediated Ca2+ entry activates CaMKK2 and AMPK, enhancing 
glucose oxidation and ATP production through insulin independent 
mechanisms. Pharmacological inhibition of TRPV1 or CaMKK2 
reduces AMPK phosphorylation, glucose oxidation and ATP 
generation. This mechanism explains how capsaicin bypass impaired 
insulin receptor substrate-1 (IRS-1)/phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (Akt) signaling to maintain cellular energy 
supply in skeletal muscle (29). In primary hepatocytes, capsaicin 
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accelerates glucose uptake and utilization while increasing ATP 
production. These effects are associated with increased intracellular 
Ca2+ and transcriptional regulation of genes involved in glucose and 
amino acid metabolism (31).

Beyond classical metabolic tissues, AMPK signaling activated by 
capsaicin, contributes to broader cardiometabolic protection. In 
endothelial cells exposed to intermittent hyperglycemia, capsaicin 
activates a TRPV1/[Ca2+]i/CaMK2/AMPK pathway that upregulates 
SIRT1 and suppresses oxidative stress induced senescence, thereby 
preserving endothelial function (32). In the hypothalamic 
paraventricular nucleus of salt sensitive hypertensive rats, capsaicin 
pretreatment attenuates blood pressure through AMPK/Akt/nuclear 
factor erythroid 2 related factor 2 (Nrf2) signaling, accompanied by 
reduced neuroinflammation and autonomic dysregulation (33). In 
cardiomyocytes, TRPV1 activation mitigates hypoxic injury by 
improving autophagic flux via AMPK signaling, thereby supporting 
mitochondrial integrity and cell survival (34). In cancer models, 
capsaicin engages AMPK/AKt/mTOR or AMPK/mTOR pathways to 
suppress the Warburg effect, inhibit lipogenesis, promote 
mitochondrial dependent apoptosis, and induce autophagy, 
collectively restraining malignant phenotypes such as proliferation, 
migration, invasion, and epithelial mesenchymal transition (30, 
35, 36).

These findings identify AMPK as a central downstream effector of 
TRPV1/Ca2+ signaling across multiple tissues. By inhibiting 
lipogenesis, enhancing fatty acid oxidation, improving glucose 
utilization, and supporting vascular, neural, cardiac, and cellular 
metabolic stability, capsaicin-activated AMPK represents a key 
mechanism by which capsaicin promotes metabolic homeostasis 
under conditions of nutrient excess and cardiometabolic stress.

1.1.3 Promoting mitochondrial biogenesis and 
functional optimization

Building on TRPV1/AMPK/SIRT1 signaling, capsaicin further 
enhances metabolic resilience by stimulating mitochondrial biogenesis 
and optimizing mitochondrial function across multiple organs. A well 
characterized example is observed in a high fat diet model of obesity 
induced metabolic dysfunction-associated steatotic liver disease 
(MASLD), where dietary capsaicin activates hepatic TRPV1 and 
increases intracellular Ca2+ and AMPK phosphorylation and drives 
SIRT1-dependent upregulation of PPARα and the mitochondrial 
biogenesis coactivator PGC-1α. This transcriptional program 
increases hepatic mitochondrial biogenesis and fatty acid oxidation, 
thereby strengthening mitochondrial oxidative capacity under chronic 
metabolic overload (37). Increased expression of mitochondrial 
structural and respiratory proteins, including cytochrome c oxidase 
subunit IV (COX IV) and voltage-dependent anion channel 1 
(VDAC1), further supports expansion of the oxidative machinery 
(38). Consistently, in HepG2 hepatocytes, capsaicin activates AMPK, 
increases PGC-1α abundance, improves mitochondrial function, and 
suppresses lipogenesis, linking mitochondrial biogenesis to 
coordinated control of lipid metabolism (10).

Capsaicin also preserves mitochondrial function under conditions 
of severe cellular stress. In septic acute liver injury, capsaicin attenuates 
mitochondrial dysfunction by limiting reactive oxygen species (ROS) 
generation, stabilizing mitochondrial membrane potential, preserving 
electron transport chain activity, and reducing cytochrome c release 
and apoptosis, thereby sustaining oxidative phosphorylation and ATP 

production (39). Similar protective effects are observed in 
cardiomyocytes exposed to anoxia or anoxia/reoxygenation, where 
capsaicin upregulates 14-3-3η, maintains mitochondrial membrane 
potential, improves respiratory complex function, and suppresses 
apoptotic signaling (40). In ventilator induced lung injury, capsaicin 
pretreatment restores ATP levels and antioxidant defenses, improves 
mitochondrial ultrastructure, and suppresses ferroptosis, thereby 
ameliorating lung injury in vivo (41). In neurodegeneration related 
models, including scopolamine and 3 nitropropionic acid induced 
injury, capsaicin restores the activity of mitochondrial complexes I–IV 
and improves mitochondrial permeability transition. It also 
normalizes antioxidant and inflammatory responses, supporting 
protection of neuronal mitochondrial bioenergetics and redox 
homeostasis (31, 42). Complementing these findings, capsaicinoid 
derivatives further activate AMPK dependent Nrf2 signaling in 
hepatocytes, inducing antioxidant gene expression and limiting lipid 
induced mitochondrial injury (12).

Mitochondrial quality control represents an additional regulatory 
layer targeted by capsaicin. The endoplasmic reticulum (ER)–
mitochondria contact sites, known as mitochondria-associated 
membranes (MAMs), are critical for coordinating Ca2+ signaling, lipid 
metabolism, and mitochondrial dynamics, and both excessive and 
insufficient MAM formation can be pathological depending on 
disease context. In TRPV1 expressing sensory neurons and PC12 cells, 
repeated or high dose capsaicin exposure induces transient 
mitochondrial damage while simultaneously activating mitophagy 
and upregulating mitochondrial proteins such as COX IV, Mic60/
Mitofilin, and VDAC1, suggesting a coordinated response in which 
damaged mitochondria are removed and replaced by a healthier 
organelle pool (38). In diabetic nephropathy, TRPV1 activation by 
dietary capsaicin attenuates pathological MAM over-formation in 
podocytes; TRPV1-mediated Ca2+ influx activates AMPK, 
downregulates the MAM-tethering protein FUNDC1, normalizes 
mitochondrial Ca2+ handling, and preserves mitochondrial structure 
and function (43). In contrast, in chronic cerebral hypoperfusion, 
capsaicin restores disrupted MAM integrity and MFN2 expression in 
hippocampal neurons, thereby improving ER–mitochondria coupling, 
mitochondrial bioenergetics, and cognitive performance (44). In 
addition, capsaicin upregulates PTEN-induced kinase 1 (PINK1) and 
Parkin expression, thereby enhancing mitophagy and reducing 
hepatic lipid accumulation (45).

Collectively, capsaicin increases mitochondrial quantity through 
TRPV1/AMPK/SIRT1/PGC-1α mediated biogenesis and preserves 
mitochondrial quality by maintaining respiratory chain function, 
limiting oxidative stress, enhancing antioxidant defenses, and 
promoting mitophagy. Importantly, these effects reflect a 
normalization of mitochondrial biogenesis and quality control under 
conditions of metabolic stress, providing a bioenergetic basis for the 
multitarget metabolic actions of capsaicin in CMS.

1.2 Molecular mechanisms of capsaicin in 
ameliorating insulin resistance

1.2.1 Activation of the insulin signaling pathway
Capsaicin improves insulin resistance primarily by enhancing 

insulin receptor associated signaling. Accumulating evidence indicates 
that capsaicin increases insulin receptor (InsR) expression and 
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enhances its responsiveness, thereby facilitating downstream signal 
transduction (46, 47). Upon InsR activation, phosphorylation of IRS 
proteins is increased, leading to activation of the PI3K/Akt pathway 
and subsequent translocation of glucose transporter type 4 (GLUT4) 
to the plasma membrane, ultimately promoting cellular glucose 
uptake and utilization (46, 48).

Mechanistically, capsaicin activates the TRPV1 channel, inducing 
intracellular Ca2+ influx that enhances IRS phosphorylation and 
amplifies PI3K/Akt signaling activity, thereby improving insulin 
sensitivity and glucose handling (47, 49, 50). In addition to its effects 
on insulin signaling in peripheral tissues, TRPV1 activation by 
capsaicin upregulates pancreatic and duodenal homeobox 1 (PDX-1), 
a transcription factor essential for pancreatic β cell function and 
insulin synthesis. This regulation involves coordinated signaling 
through TRPV1/PDX-1/GLUT2/glucokinase (GK), as well as TRPV1/
PDX-1/IRS1/2. These effects support insulin secretion and β cell 
responsiveness (51). Importantly, these insulin sensitizing effects are 
dependent on functional TRPV1 signaling, as capsaicin fails to 
improve diet-induced insulin resistance in TRPV1-deficient 
mice (52).

1.2.2 Suppression of inflammatory mediators to 
mitigate insulin resistance

Chronic low-grade inflammation plays a central role in the 
development of insulin resistance. Inflammatory signaling disrupts 
insulin action in adipocytes and hepatocytes by impairing key 
components such as IRS-1, the insulin receptor, and peroxisome 
proliferator activated receptor gamma (PPARγ), thereby exacerbating 
metabolic dysfunction (53). Capsaicin alleviates insulin resistance in 
part by suppressing inflammation driven interference with insulin 
signaling (33, 47).

A primary target of capsaicin is the Toll like receptor 4 (TLR4)/ 
NF-κB signaling pathway. Capsaicin potently inhibits NF-κB 
activation and reduces production of pro-inflammatory cytokines 
such as tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6) (54). 
These cytokines activate stress kinases including c-Jun N-terminal 
kinase (JNK) and inhibitor of κB kinase β (IKKβ). Activation of these 
kinases promotes inhibitory serine phosphorylation of insulin 
receptor substrate 1 and weakens insulin signaling (55). IKKβ, the 
catalytic subunit essential for canonical NF-κB activation, directly 
interferes with insulin signaling by functioning as a serine kinase that 
phosphorylates IRS-1 on inhibitory sites (56–62). By suppressing 
NF-κB/IKKβ signaling, capsaicin reduces inflammation induced 
insulin resistance at the molecular level.

Importantly, TRPV1 activation by capsaicin exerts context 
dependent immunomodulatory effects, particularly under 
inflammatory conditions. In lipopolysaccharide primed macrophages, 
capsaicin induced TRPV1 activation and Ca2+ influx promote 
polarization toward an M2 macrophage phenotype characterized by 
anti-inflammatory properties, thereby improving the adipose tissue 
inflammatory microenvironment and attenuating insulin resistance 
(63). Capsaicin further enhances macrophage cholesterol metabolism 
through coordinated activation of TRPV1 and PPARγ (64). Dietary 
capsaicin has also been shown to lower fasting triglyceride levels via 
direct activation of nuclear receptors such as PPARγ, which negatively 
regulates NF-κB signaling (65). Together, these findings indicate that 
attenuation of chronic inflammation represents a key mechanism by 
which capsaicin mitigates insulin resistance.

1.2.3 Modulation of adipose tissue function to 
improve insulin sensitivity

Capsaicin further enhances insulin sensitivity through functional 
remodeling of adipose tissue. This effect is largely mediated by 
activation of AMPK, a central regulator of cellular energy homeostasis 
and insulin responsiveness. In models of diet induced insulin 
resistance, capsaicin increases AMPK activity in hepatic and skeletal 
muscle tissues (66). As a master metabolic sensor, AMPK activation 
promotes fatty acid oxidation while suppressing lipogenesis and 
gluconeogenesis, thereby restoring energy balance and indirectly 
improving insulin sensitivity (14, 28, 47, 66, 67).

In adipose tissue, capsaicin induces browning of white adipose 
depots via TRPV1 activation, promoting the differentiation of energy 
dissipating beige adipocytes. This process increases systemic energy 
expenditure and reduces ectopic lipid deposition in both adipose 
tissue and liver (68). Single cell transcriptomic analyses indicate that 
capsaicin primarily activates TRPV1 expressing sensory nerve 
terminals within adipose tissue, indirectly modulating adipocyte 
metabolism through neuroendocrine or paracrine mechanisms rather 
than direct adipocyte engagement (69). These observations provide a 
mechanistic basis for capsaicin-induced reductions in adiposity and 
improvements in lipid metabolism observed in experimental models 
(52, 68). Capsaicin also reduces visceral fat accumulation and 
improves systemic lipid profiles by modulating adipokine secretion. 
In particular, capsaicin stimulates adiponectin release from adipose 
tissue (66). As a key insulin sensitizing hormone, adiponectin activates 
both AMPK and PPARα pathways to enhance fatty acid oxidation and 
glucose uptake in liver and skeletal muscle, thereby improving whole 
body glucolipid metabolic homeostasis (70).

The metabolic efficacy of capsaicin shows marked interindividual 
variability and combinatorial complexity. Sex specific differences have 
been reported, with meta analyses showing stronger triglyceride 
lowering effects in females (9). In addition, capsaicin interacts with 
other phytochemicals in a context dependent manner. It synergizes 
with berberine and catechins to suppress adipogenesis and lipid 
accumulation (71), whereas co administration with hesperidin 
attenuates its metabolic benefits (72). Importantly, capsaicin exerts 
tissue specific metabolic effects, preferentially enhancing hepatic fatty 
acid oxidation, skeletal muscle glucose uptake, and adipose tissue 
browning and thermogenesis (69).

Collectively, insulin resistance represents a central 
pathophysiological nexus in CMS, linking dysregulated glucose and 
lipid metabolism, chronic inflammation, and endothelial dysfunction 
(73, 74). Therapeutic strategies targeting insulin resistance therefore 
hold substantial clinical relevance (75).

1.3 Anti-inflammatory effects of capsaicin 
and its significance in cardiac metabolic 
syndrome

1.3.1 Inhibition of inflammatory signaling 
pathways

Capsaicin exerts broad anti-inflammatory effects by targeting 
central inflammatory signaling pathways, most notably NF-κB and 
mitogen-activated protein kinase (MAPK), which regulate 
transcription of pro inflammatory mediators across multiple tissues 
(76–78). In lipopolysaccharide (LPS) stimulated macrophages, 
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capsaicin suppresses activation of NF-κB and MAPK pathways, as 
shown by reduced phosphorylation of p38, p65, and extracellular 
signal regulated kinase (ERK), leading to decreased production of 
nitric oxide (NO), TNF-α, IL-6, and cyclooxygenase-2 (COX-2) (78, 
79). In intestinal inflammation models, capsaicin attenuates 
inflammatory mediator synthesis and improves mucosal barrier 
integrity by inhibiting the TLR4/NF-κB axis in intestinal epithelial 
cells (77, 80).

In vascular endothelium cell, capsaicin suppresses endothelial 
activation by inhibiting NF-κB phosphorylation and reducing 
expression of vascular cell adhesion molecule-1 (VCAM-1) and 
intercellular adhesion molecule-1 (ICAM-1). This effect limits 
leukocyte adhesion and attenuates vascular inflammation (81). 
Capsaicin also mitigates chronic low-grade inflammation through 
epigenetic regulation, indirectly suppressing NF-κB activity by 
downregulating pro-inflammatory microRNAs such as miR-21 and 
miR-223 (82). These multi organ anti-inflammatory contribute to 
reduced endothelial injury and a lower chronic inflammatory 
burden in CMS.

The relevance of these effects is supported by evidence from 
animal models of cardiometabolic disease. In atherosclerosis, 
dietary capsaicin reduces systemic inflammation and delays plaque 
progression by inhibiting foam cell formation and leukocyte 
adhesion within the vascular wall (64). In salt sensitive 
hypertension, capsaicin exerts central anti-inflammatory effects by 
modulating the AMPK/Akt/Nrf2 pathway in the hypothalamic 
paraventricular nucleus, contributing to blood pressure stabilization 
(33). In models of drug induced cardiotoxicity, capsaicin 
pretreatment limits myocardial inflammation and reactive oxygen 
species (ROS) generation, conferring cardioprotection (83). 
Notably, genetic deletion of TRPV1 worsens outcomes after 
myocardial infarction, including increased mortality, cardiac 
inflammation, fibrosis, and functional decline, highlighting the 
endogenous cardioprotective role of TRPV1 in inflammatory 
cardiac injury (84).

1.3.2 Regulation of immune cell function
Beyond suppressing inflammatory mediators, capsaicin modulates 

the inflammatory microenvironment by regulating immune cell 
function. A key mechanism involves control of macrophage 
polarization. Pro-inflammatory M1 macrophages secrete cytokines 
such as TNF-α, IL-1β, and IL-6, which sustain chronic inflammation, 
whereas M2 macrophages promote tissue repair and immune 
homeostasis. Capsaicin promotes a shift from M1 toward M2 
macrophages through TRPV1 activation, thereby facilitating 
resolution of inflammation and restoration of metabolic homeostasis 
(85–87). Capsaicin also influences immune cell recruitment and 
activation. In intestinal epithelial cells, capsaicin inhibits PI3K/Akt 
dependent production of the chemokine C–C motif chemokine ligand 
2 (CCL2), which reduces macrophage infiltration and attenuating 
multi organ inflammation associated with metabolic syndrome (88). 
In parallel, TRPV1 activation limits pathological recruitment of T cells 
and macrophages to metabolic and vascular tissues and suppresses 
their secretion of pro inflammatory cytokines, leading to 
improvements in endothelial function and systemic metabolic 
parameters (45, 89). Importantly, the immunomodulatory effects of 
capsaicin are context dependent. Under specific conditions, capsaicin 
stimulates leukotriene B4 receptor signaling and promotes leukotriene 

B4 release in keratinocyte and monocytic cell lines, resulting in 
transient enhancement of inflammatory responses (90).

Growing evidence further implicates capsaicin in neuro immune 
crosstalk and immunometabolic reprogramming. Activation of 
TRPV1 expressing nociceptor neurons by capsaicin induces the 
release of neuropeptides, including substance P (SP) and calcitonin 
gene–related peptide (CGRP) (91, 92), which interact with receptors 
on immune cells such as T lymphocytes, macrophages, neutrophils, 
and mast cells to modulate immune recruitment and function (93–
95). Activation of TRPV1 positive vagal sensory fibers may also 
attenuate peripheral to central transmission of immune inflammatory 
signals, providing a neural basis for the systemic anti-inflammatory 
and cardioprotective effects of capsaicin (96).

However, TRPV1 signaling does not fully account for all 
immunometabolic effects of capsaicin. Independently of TRPV1, 
capsaicin directly inhibits the pyruvate kinase M2/lactate 
dehydrogenase A (PKM2/LDHA) axis in macrophages, suppressing 
the Warburg effect, reducing lactate accumulation, and dampening the 
glycolysis-driven pro-inflammatory phenotype, highlighting its dual 
immunometabolic regulatory capacity (97).

Clinical observations further support the relevance of this 
pathway to cardiometabolic pathology. In patients with concomitant 
coronary artery disease and type 2 diabetes, elevated TRPV1 
expression in peripheral blood mononuclear cells correlates with 
increased circulating pro-inflammatory cytokines, including TNF-α, 
IL-6, and monocyte chemoattractant protein-1 (MCP-1), and 
independently predicts future major adverse cardiovascular events 
(98). These findings directly implicate TRPV1 associated inflammatory 
signaling in disease progression and clinical outcomes.

1.3.3 Reduction of oxidative stress response
Oxidative stress is a major driver of inflammation, and the 

antioxidant actions of capsaicin contribute substantially to its anti-
inflammatory effects. Capsaicin enhances endogenous antioxidant 
defenses while reducing intracellular accumulation of ROS (99, 100). 
Mechanistically, capsaicin disrupts the Kelch like ECH associated 
protein 1 (Keap1)/Nrf2 interaction, promoting nuclear translocation 
of Nrf2 and transcriptional activation of antioxidant enzymes, 
including superoxide dismutase (SOD), glutathione peroxidase (GPx), 
and catalase (CAT) (101, 102). Concurrently, capsaicin suppresses 
upstream ROS production by inhibiting the C–C chemokine receptor 
type 4 (CCR4)/Src/p47phox signaling cascade, thereby limiting 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
activity (103).

Translational evidence supports these mechanisms. In patients 
with metabolic syndrome, capsaicin intake increases serum SOD 
levels while reducing malondialdehyde (MDA), indicating restoration 
of systemic redox balance (104). Oxidative stress and inflammation 
are tightly coupled in a feed-forward loop, whereby ROS activate 
inflammatory pathways such as NF-κB, and inflammatory cells 
generate additional ROS, perpetuating tissue injury. Through TRPV1/
Nrf2 signaling, capsaicin simultaneously reduces ROS accumulation 
and suppresses ROS driven inflammatory signaling, including NF-κB 
activation (103, 105). This dual action has been validated in disease 
models; for example, in salt-sensitive hypertension, capsaicin 
modulates the AMPK/Akt/Nrf2 pathway to coordinately reduce 
oxidative stress and inflammatory cytokine expression, conferring 
organ protection (33, 106). Similarly, in type 2 diabetes complicated 
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by myocardial infarction, dietary capsaicin activates TRPV1 to 
attenuate oxidative stress and limit cardiac injury (107). Capsaicin has 
also been shown to upregulate uncoupling protein 2 (UCP2) via 
TRPV1-dependent mechanisms, improving endothelial function and 
counteracting oxidative damage in hypertensive state (108, 109).

Importantly, the biological effects of capsaicin show clear dose and 
tissue specificity. Excessive TRPV1 activation at high concentrations 
can induce Ca2+ overload in macrophages, leading to mitochondrial 
dysfunction, secondary ROS generation, and aberrant activation of 
the NLRP3 inflammasome, thereby promoting inflammation (110, 
111). These findings underscore the necessity of defining an 
appropriate therapeutic window and accounting for tissue specific 
TRPV1 expression when considering capsaicin-based interventions. 
Overall, capsaicin-activated TRP channels play a central role in 
cardiometabolic disease by coordinately regulating oxidative stress 
and inflammatory pathways, providing a strong mechanistic 
foundation for targeting this axis in disease prevention and 
treatment (112).

1.4 Capsaicin regulation of lipid 
metabolism and its cardiovascular 
protective effects

1.4.1 Inhibition of fatty acid synthesis and 
promotion of lipolysis by capsaicin

Capsaicin exerts robust regulatory effects on lipid metabolism by 
coordinately suppressing fatty acid synthesis and enhancing lipolytic 
pathways, processes that are critical for limiting lipid accumulation 
and cardiovascular risk in CMS (113). One principal mechanism 
involves downregulation of key lipogenic enzymes, including fatty 
acid synthase (FAS) and ACC, which catalyze palmitate synthesis and 
the committed step of fatty acid biosynthesis, respectively. 
Experimental studies demonstrate that capsaicin significantly reduces 
FAS and ACC expression at both mRNA and protein levels in cardiac 
tissue and liver of high-fat-diet–fed rodents, accompanied by 
upregulation of CPT1, a rate-limiting enzyme for mitochondrial 
β-oxidation (114). Consistent with these findings, phytoformulations 
containing capsaicin reduce cardiac lipid deposition and improve 
circulating lipid profiles, including total cholesterol, triglycerides, and 
free fatty acids, in obese rodent models (115–117). These effects are 
mediated, at least in part, by suppression of SREBP-1, a master 
transcriptional regulator of lipogenic gene expression. Capsaicin 
attenuates SREBP-1 signaling, thereby repressing downstream 
adipogenic pathways and reinforcing inhibition of fatty acid synthesis 
(11, 117, 118).

In parallel, capsaicin promotes lipid mobilization by enhancing 
lipolysis. Capsaicin and its analogs increase the expression and activity 
of lipolytic enzymes, including hormone-sensitive lipase (HSL), 
adipose triglyceride lipase (ATGL), lysosomal acid lipase, and 
lipoprotein lipase. For example, the capsaicin analog nonivamide 
upregulates HSL and ATGL in porcine subcutaneous adipocytes, 
stimulating lipolysis and inducing a browning-associated 
transcriptional program (119). In obese rat models, capsaicin-based 
formulations similarly increase lipase expression in cardiac tissue, 
correlating with reduced lipid droplet accumulation and improved 
cardiac performance (117). This coordinated suppression of 
lipogenesis and enhancement of lipolysis is essential for maintaining 

lipid homeostasis and preventing ectopic lipid deposition, a major 
driver of cardiovascular dysfunction.

Beyond direct enzymatic regulation, capsaicin modulates lipid 
metabolism through bile acid signaling. Capsaicin increases 
circulating bile acids such as chenodeoxycholic acid and deoxycholic 
acid, which activate the farnesoid X receptor (FXR) pathway and 
contribute to reductions in triglyceride and cholesterol levels (120, 
121). At the cellular level, capsaicin downregulates lipogenic genes 
including SREBP-1c, FAS, and ACC, while upregulating lipid 
oxidation–related genes such as PPARα and PPARδ in hepatocytes 
(12, 45).

At the cellular level, capsaicin’s activation of TRPV1 channels 
plays a pivotal role in these metabolic effects. TRPV1 activation 
inhibits the dimerization of PKM2 and reduces the activation of 
SREBP1, thereby suppressing lipogenesis in microglia and potentially 
other tissues (97, 122). Moreover, TRPV1 activation can restore 
mitochondrial membrane potential, reduce mitochondrial ROS, 
alleviate oxidative stress and mitochondrial dysfunction, and thus 
indirectly ameliorate lipid metabolism disorders.

1.4.2 Regulation of cholesterol metabolism
Capsaicin also exerts pronounced regulatory effects on cholesterol 

metabolism, contributing to its cardiovascular protective profile 
through coordinated modulation of cholesterol transport, efflux, and 
catabolism. In apolipoprotein E–deficient mice, capsaicin reduces 
atherosclerotic lesion formation by limiting cholesterol influx via 
scavenger receptor A (SR-A) and enhancing cholesterol efflux through 
upregulation of ATP-binding cassette transporter A1 (ABCA1) in 
macrophages. This shift reduces oxidized low-density lipoprotein 
uptake, inhibits foam cell formation, and is mediated predominantly 
through TRPV1 and PPARγ signaling (64, 123). TRPV1 activation 
further promotes liver X receptor alpha (LXRα)–dependent induction 
of ABCA1 and ATP-binding cassette transporter G1 (ABCG1), 
facilitating cholesterol efflux and suppressing lipid accumulation (124).

Furthermore, capsaicin alters bile acid composition by promoting 
the conversion of cholesterol into bile acids via increased hepatic 
expression of cholesterol 7α-hydroxylase (CYP7A1), the rate limiting 
enzyme in bile acid synthesis. Notably, this effect was observed even 
in germ free mice lacking intestinal flora and TRPV1 channels, 
indicating that capsaicin’s modulation of cholesterol metabolism can 
occur independently of both gut microbiota and TRPV1 signaling. By 
changing bile acid profiles, capsaicin inhibits fibroblast growth factor 
15 (Fgf15) expression in the colon, which normally suppresses 
CYP7A1, thereby enhancing cholesterol catabolism and reducing 
plasma total cholesterol and triglyceride levels (125).

Clinical evidence supports these experimental observations. 
Systematic reviews and meta-analyses demonstrate that capsaicin 
supplementation significantly lowers total cholesterol and low-density 
lipoprotein cholesterol levels in individuals with metabolic syndrome 
or overweight/obesity (9, 126). At the cellular level, capsaicin activates 
the LKB1/AMPK axis in hepatocytes, promoting metabolic 
reprogramming. Capsaicin also upregulates PINK1 and Parkin, 
initiating mitophagy and improving mitochondrial quality control, 
thereby reducing hepatic lipid accumulation (45).

In addition, capsaicin influences cholesterol metabolism 
through modulation of gut microbiota composition. In rats fed a 
high fat diet, capsaicin, especially when combined with dietary 
fibers, increases the abundance of beneficial bacteria such as 
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Akkermansia and Allobaculum. These microbial changes are 
associated with improved lipid profiles and reduced LDL-C levels 
(120, 127). Remodeling of the gut microbiome through enhanced 
short-chain fatty acid production, altered bile acid metabolism, 
and suppression of inflammatory signaling forms a synergistic 
mechanism that improves cholesterol handling and reduces 
cardiovascular risk. These findings provide experimental support 
for the use of capsaicin or its derivatives as functional food 
components or nutritional interventions.

Beyond metabolic regulation, capsaicin and its analogs may 
exert direct molecular interactions influencing cholesterol 
homeostasis. For instance, homocapsaicin II induces ferroptosis in 
colorectal cancer cells through a cholesterol centrosome 
amplification axis, highlighting a novel link between cholesterol 
metabolism and cellular death pathways (128). Although this 
mechanism is cancer specific, it underscores the broader impact of 
capsaicin-related compounds on cholesterol dynamics.

1.4.3 Protection of vascular function and 
remodeling

Capsaicin, the active component of chili peppers, exerts 
multifaceted protective effects on vascular endothelial function, 
which is crucial for mitigating cardiovascular diseases and 
metabolic syndrome. Acute capsaicin treatment significantly 
increases endothelial p-eNOS levels in wild-type mice. The 
mechanism involves capsaicin acting on endothelial TRPV1, 
causing Ca2+ influx, which subsequently promotes eNOS 
phosphorylation and increases NO, BH₄, and cyclic guanosine 
monophosphate (cGMP) levels, enhancing vasodilation. These 
effects can be inhibited by Ca2+ chelators or TRPV1 antagonists 
(129). Additionally, capsaicin also induces vasodilation in various 
blood vessels (mesenteric, carotid, coronary) through both 
endothelium-NO-dependent pathways and endothelium-
independent mechanisms involving potassium channel activation 
and Ca2+ influx regulation (130, 131). Experimental research in rat 
aortic endothelial cells showed that capsaicin-induced TRPV1 
activation elevates NO levels by up to 29%, alongside increased 
levels of the essential cofactor BH4 and cGMP, which are critical 
for eNOS function and downstream signaling, respectively. This 
cascade culminates in vasodilation and improved endothelial 
function (132).

However, evidence from TRPV1 and TRPV4 knockout mouse 
models indicates that capsaicin-induced vasorelaxation does not 
rely exclusively on TRPV1 signaling. In these models, 
vasorelaxation occurred predominantly through TRPV4-mediated 
endothelium-dependent hyperpolarization, with only a marginal 
contribution from the TRPV1, NO, and PGI2 pathway. 
Mechanistically, capsaicin activates endothelial TRPV4 and 
intermediate-conductance Ca2+-activated potassium channels, 
which induce membrane hyperpolarization and promote 
vasorelaxation (133).

In addition to promoting vasodilation, under high sodium 
culture conditions or high salt stimulation, capsaicin significantly 
inhibited the proliferation of rat aortic smooth muscle cells in a 
dose dependent manner, accompanied by upregulated TRPV1 
expression (134). TRPV1 is expressed in both rat and human 
pulmonary artery smooth muscle cells, and pharmacological 
blockade of TRPV1 suppresses hypoxia-induced Ca2+ entry and 

cell proliferation. In contrast, in a rat hindlimb ischemia model, 
TRPV1 activation enhanced endothelial cell proliferation via Ca2+ 
dependent transcription factors, including NFAT-1, calsenilin, and 
MEF2C, thereby promoting positive remodeling of collateral 
vessels. This suggests a balanced regulation of vascular cell 
proliferation that favors endothelial repair while restraining VSMC 
overgrowth (135). This dual regulatory role is essential for 
preventing maladaptive vascular remodeling, which contributes to 
hypertension and other cardiovascular pathologies.

Moreover, after TRPV1 activation, the total antioxidant 
capacity (TAC) in rat aortic tissue significantly increased, 
highlighting the antioxidant effects of capsaicin (132). Capsaicin 
also modulates neurovascular interactions, where sensory 
neuron-derived peptides such as CGRP stimulate endothelial NO 
production, further supporting vascular health and resilience 
(136). Clinically, topical application of capsaicin in men can 
enhance post-exercise microvascular reperfusion response and 
improve local blood flow recovery. Women did not show 
significant blood pressure changes at the same dose, but enhanced 
microvascular responsiveness was still observed in younger 
subjects. No significant effect was seen in elderly groups, 
suggesting the existence of sex and age differences and indicating 
the need for personalized approaches in therapeutic 
applications (137).

Beyond regulating vascular tone, endothelial dysfunction is an 
early driver of atherogenesis and plaque progression in 
cardiometabolic syndrome. In this context, capsaicin-mediated 
enhancement of endothelial NO bioavailability, together with its 
antioxidant and anti-inflammatory actions, may help preserve 
endothelial homeostasis and thereby attenuate pro-atherogenic 
processes.

1.5 The capsaicin–gut microbiota axis in 
cardiometabolic regulation

1.5.1 Mechanisms by which capsaicin regulates 
gut microbiota composition

Capsaicin modulates gut microbiota composition through 
coordinated effects on the intestinal epithelial barrier, luminal 
microenvironment, and host–microbe interactions. At the 
epithelial level, capsaicin enhances the integrity of the mucus layer 
and upregulates tight junction proteins, including zonula 
occludens-1 (ZO-1) and occludin, thereby strengthening barrier 
function and shaping the microbial niche within the intestinal 
lumen (138, 139). By improving epithelial integrity and mucosal 
immunity, capsaicin indirectly restricts colonization by pathogenic 
bacteria while favoring beneficial commensals.

Capsaicin also alters luminal factors such as pH and bile acid 
composition, creating selective ecological pressures that promote 
the growth of beneficial taxa, including Akkermansia muciniphila 
and Bifidobacterium, while reducing the Firmicutes/Bacteroidetes 
ratio and suppressing potentially pathogenic families such as 
Enterobacteriaceae (140–144). In parallel, capsaicin induces the 
expression of antimicrobial peptides, such as regenerating islet-
derived protein 3 gamma (Reg3γ), and modulates bile acid 
metabolism, both of which contribute to maintaining microbial 
diversity and community stability (120, 143, 145).
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Consistent with these mechanisms, capsaicin supplementation 
in animal models increases the abundance of short-chain fatty acid 
(SCFA)–producing bacteria, including Allobaculum and 
Faecalibaculum, while reducing pro-inflammatory taxa, resulting 
in improved metabolic phenotypes (146, 147). Human in vitro fecal 
fermentation studies further corroborate these findings, 
demonstrating increased butanoic acid production and enhanced 
microbial diversity following capsaicin exposure (146, 148). 
Importantly, excessive doses or prolonged capsaicin intake may 
disrupt barrier integrity and microbial balance, emphasizing the 
importance of dose, duration, and host context in microbiota-
mediated effects (149–151).

1.5.2 Metabolic regulatory pathways mediated 
by gut microbiota

Capsaicin induced alterations in gut microbiota composition 
translate into downstream metabolic benefits through multiple 
microbial signaling pathways. A prominent mechanism involves 
increased production of SCFAs, including acetate, propionate, and 
butyrate, which contribute to improved glucose homeostasis and 
attenuation of dyslipidemia (142, 146, 151–153). These SCFAs 
activate G-protein-coupled receptors 41 and 43 (GPR41 and 
GPR43) and inhibit histone deacetylases (HDACs), thereby 
enhancing lipid oxidation, insulin sensitivity, and energy 
expenditure (141, 142, 154).

In addition, microbiota remodeling induced by capsaicin 
modulates bile acid metabolism by reshaping the composition and 
pool size of primary and secondary bile acids (120, 140). These bile 
acids act as signaling molecules that activate the FXR and the G 
protein-coupled bile acid receptor 1 (TGR5), pathways known to 
regulate lipid metabolism, promote cholesterol efflux, increase 
energy expenditure, and reduce hepatic steatosis and 
atherosclerotic risk (140, 145, 155, 156). The gut microbiota further 
contributes to metabolic regulation through modulation of 
tryptophan metabolism, generating bioactive metabolites that 
influence systemic inflammation and metabolic homeostasis 
(147, 157).

Through these interconnected pathways, capsaicin induced 
shifts in microbiota composition function as an upstream amplifier 
of host metabolic signaling, reinforcing improvements in lipid 
handling, insulin sensitivity, and cardiovascular risk profiles.

1.5.3 Integrated effects of capsaicin-gut 
microbiota interaction on cardiometabolic 
syndrome

The interaction between capsaicin and gut microbiota exerts 
integrated protective effects on CMS by simultaneously improving 
barrier integrity, suppressing systemic inflammation, and modulating 
immune responses. By upregulating tight junction proteins and 
enhancing mucus secretion, capsaicin reduces translocation of 
endotoxins such as LPS into the circulation, thereby alleviating 
metabolic endotoxemia (138, 139, 152). In mouse models fed a high 
fat diet, capsaicin lowers circulating LPS levels, inhibits TLR4 
signaling, and suppresses NF-κB activation, as reflected by reduced 
phosphorylation of p65 and inhibitor of κB alpha (IκBα). These 
changes reduce pro-inflammatory cytokine production, including 
TNF-α, IL-1β, and IL-6, and help alleviate chronic low-grade 
inflammation (141, 158).

Beyond innate immune signaling, interactions between 
capsaicin and the gut microbiota influence macrophage polarization 
and cytokine balance, favoring anti-inflammatory phenotypes and 
reducing adipose tissue inflammation (139, 140). Hence, this 
interaction is best conceptualized as a bidirectional, positive 
feedback cycle. Capsaicin appears to enhance intestinal barrier 
integrity and host immune tone while concurrently influencing the 
composition and function of the gut microbiota. In turn, the adapted 
microbiota generates anti-inflammatory metabolites, such as SCFAs, 
which further stabilize the gut environment and reinforce a health-
promoting microbial ecosystem. Within this positive-feedback 
framework, microbiota–immune interactions act in concert with the 
antioxidant properties of capsaicin to mitigate oxidative stress, 
preserve endothelial function, and reduce the risk of hypertension 
and atherosclerosis (105, 158). Collectively, these effects contribute 
to improved insulin sensitivity, lipid profiles, and vascular 
homeostasis, ultimately reducing the burden of obesity-associated 
cardiometabolic complications. Importantly, the magnitude of these 
benefits depends on capsaicin dose, exposure duration, and the 
host’s baseline microbiota composition.

1.5.4 Preclinical and clinical research progress
Preclinical studies in models of diet induced obesity and 

atherosclerosis consistently show that capsaicin supplementation 
remodels gut microbiota composition, increasing beneficial taxa such 
as Akkermansia and Bifidobacterium while suppressing pathogenic 
bacteria. These microbiota changes are accompanied by improvements 
in body weight, serum lipid profiles, glucose tolerance, and 
inflammatory markers (140, 142, 159). In apolipoprotein E deficient 
mice, capsaicin reduces atherosclerotic plaque formation through 
microbiota-dependent mechanisms involving bile acid metabolism and 
FXR signaling (140). In diabetic rodent models, capsaicin enhances the 
hypoglycemic efficacy of metformin and restores intestinal barrier 
function in parallel with favorable microbiota shifts (160).

Human data remain limited but supportive. In vitro fecal 
fermentation studies show that capsaicin increases SCFA production 
and microbial diversity (146). However, adverse effects have been 
reported at high doses or with prolonged intake, including barrier 
disruption and exacerbation of anxiety-like behaviors in diabetic 
models, underscoring the importance of dose optimization and 
individual variability (139, 149). Key research gaps include defining 
interindividual microbiota responsiveness, long-term safety, and 
translational relevance in humans. Future studies should prioritize 
well-controlled clinical trials, personalized nutrition strategies, and 
mechanistic investigations to fully harness the therapeutic potential of 
the capsaicin–gut microbiota axis in CMS.

2 Conclusion

Capsaicin emerges as a promising multitarget bioactive compound 
capable of modulating several core pathological processes underlying 
CMS. Through activation of the TRPV1 channel and downstream 
AMPK signaling, capsaicin enhances mitochondrial function, 
increases energy expenditure, and improves metabolic flexibility, 
thereby addressing fundamental disturbances in energy homeostasis. 
These major metabolic effects are further enhanced through multiple 
synergistic interactions such as improving insulin signaling, inhibiting 
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chronic low-grade inflammation, remodeling of adipose tissue 
function, and reducing oxidative stress. (Figure 2, Table 1).

Beyond intracellular metabolic regulation, capsaicin favorably 
influences lipid homeostasis by inhibiting lipogenesis, promoting fatty 
acid oxidation, and improving cholesterol handling, collectively 
contributing to vascular protection. In addition, modulation of gut 
microbiota composition and reinforcement of intestinal barrier integrity 
provide an extra layer of systemic metabolic control, underscoring the 
importance of the gut–metabolism axis in cardiometabolic regulation.

Despite compelling mechanistic and preclinical evidence, 
clinical translation of capsaicin-based interventions remains 
constrained by variability in dosing, bioavailability, and 

interindividual responsiveness. (Table 2) To facilitate the 
translation of mechanistic insights into clinical application, a 
phased, biomarker-guided approach incorporating preclinical 
pharmacokinetic studies, early-phase dose-escalation trials, and 
subsequent long-term randomized controlled trials may help 
define therapeutic dose ranges, inform safety considerations, and 
account for interindividual variability.

In summary, the integrated actions of capsaicin across energy 
metabolism, insulin sensitivity, inflammatory and oxidative 
pathways, lipid regulation, vascular function, and gut microbiota 
modulation support its potential as an adjunctive therapeutic 
approach for the management of CMS. Continued 

FIGURE 2

TRPV1-centered signaling networks through which capsaicin exerts pleiotropic biological effects. Dietary capsaicin binds to and activates TRPV1 
channels on the cell membranes, leading to Ca2+ influx and engagement of multiple interconnected signaling modules: (i) metabolic regulation hub 
(AMPK/SIRT1/PGC-1α axis): Ca2+-sensitive kinases such as CaMKKβ/LKB1 activate AMPK, which in turn increases SIRT1 activity and upregulates the 
PRDM16/PGC-1α program. This axis promotes UCP1 expression and mitochondrial biogenesis, while AMPK concomitantly inhibits lipogenesis by 
suppressing SREBP-1c and its downstream enzymes ACC and FASN. (ii) Inflammatory signaling hub (NF-κB inhibition): capsaicin dampens IKKβ activity 
and NF-κB activation, thereby reducing the production of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6. (iii) Antioxidant defense hub (Nrf2/ARE 
activation): disruption of the Keap1/Nrf2 complex allows Nrf2 nuclear translocation and transcriptional activation via antioxidant response element 
(ARE), leading to increased expression of antioxidant enzymes such as SOD, GPx, and CAT, limiting ROS accumulation. (iv) Insulin signaling hub: 
capsaicin improves insulin signaling by preserving insulin-receptor–IRS-1–PI3K–Akt signaling, facilitating GLUT4 translocation in insulin-sensitive 
tissues and supporting β-cell function via PDX-1. The integrated outcome of these pathways, summarized at the bottom, is a coordinated anti-
inflammatory and antioxidant response, prevention of inhibitory phosphorylation within the insulin pathway, and enhanced insulin sensitivity, 
collectively contributing to improved metabolic and cardiometabolic homeostasis.
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interdisciplinary research will be essential to translate these 
mechanistic insights into clinically actionable interventions 
capable of improving long-term metabolic and cardiovascular 
outcomes.
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TABLE 1  Multitarget mechanisms by which capsaicin modulates cardiometabolic syndrome related pathophysiological processes.

Mechanism of 
action

Key signaling pathways or 
targets

Affected CMS 
pathophysiological 
processes

Level of 
experimental 
evidence

References

Activation of TRPV1 Ca2+ influx, sympathetic activation ↑ Energy expenditure, ↑ thermogenesis
Cellular, animal, 

clinical
(5–7, 19–23)

Activation of AMPK
TRPV1-Ca2+ signaling; CaMKK2 

(CaMKKβ)/LKB1

↑ Insulin sensitivity, ↑ lipid metabolic 

homeostasis
Cellular, animal (10–12, 14, 28–31, 47, 66, 67)

Inhibition of NF-κB Suppression of IKKβ/p65 phosphorylation ↓ Chronic low-grade inflammation Cellular, animal (54, 56–62, 76–81)

Activation of Nrf2 Keap1/Nrf2 dissociation ↓ Oxidative stress Cellular, animal (33, 101–103, 105–107)

Activation of endothelial 

TRPV1-eNOS signaling

TRPV1-Ca2+ influx; eNOS 

phosphorylation; NO/BH₄/cGMP signaling

↑ Endothelial function, ↑ vasodilation, ↓ 

endothelial dysfunction and atherogenic 

activation

Cellular, animal (129–132)

Modulation of gut 

microbiota
SCFAs, bile acid signaling

↓ Metabolic endotoxemia, ↓ systemic 

inflammation

Animal, ex vivo 

human

(120, 138–142, 145–148, 155, 

156, 159, 160)

TABLE 2  Cardiometabolic effects of capsaicin in clinical and experimental studies.

Study type Population/model Intervention Main metabolic 
outcomes

References

Human studies (RCT & 

cross-sectional)

Individuals with obesity or 

metabolic syndrome; healthy 

adults

Capsaicin supplementation (X 

mg/day for Y weeks) or acute 

capsaicin intake

↓ Triglycerides (TG), ↓ Total 

cholesterol (TC), ↑ Energy 

expenditure, ↑ Brown adipose 

tissue (BAT) activity (assessed 

by PET/CT)

(9, 20–22)

Animal model High fat diet fed mice Dietary capsaicin supplementation
↓ Body weight gain, ↓ hepatic 

lipid accumulation
(11, 37)

In vitro study LKB1-deficient HepG2 cells Capsaicin treatment
↓ Lipid accumulation, ↑ AMPK 

phosphorylation
(10, 12)
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