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ABSTRACT  

 

Metformin (MET), a cornerstone therapy for type 2 diabetes, exhibits multifaceted therapeutic benefits extending 

beyond its hypoglycemic effects. This review synthesizes recent research on MET’s cardioprotective mechanisms, 

emphasizing its modulation of critical molecular pathways. MET activates AMP-activated protein kinase (AMPK), 

a central energy sensor that enhances fatty acid oxidation, suppresses hepatic gluconeogenesis, and mitigates 

cardiac dysfunction via anti-inflammatory, anti-apoptotic, and autophagy-regulating actions. Additionally, MET 

inhibits the Nuclear Factor Kappa B (NF-κB) pathway, reducing pro-inflammatory cytokine production (e.g., TNF-

α, IL-6, IL-1β) and attenuating endothelial dysfunction. Its suppression of the NLRP3 inflammasome further 

curtails oxidative stress and inflammation, pivotal contributors to diabetic cardiomyopathy and atherosclerosis. 

Pharmacokinetic insights underscore MET’s renal clearance and safety profile, while its inhibition of 

mitochondrial complex I reduces reactive oxygen species (ROS), bolstering antioxidant defenses. Collectively, 

MET’s pleiotropic effects—mediated through AMPK, NF-κB, NLRP3, and oxidative stress pathways—highlight 

its potential as a therapeutic agent for cardiovascular diseases. This review underscores the need for further clinical 

exploration of MET’s repurposing in cardiometabolic disorders, leveraging its molecular mechanisms to optimize 

patient outcomes beyond diabetes management 
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Mechanisms of action of MET 

MET, a frequently recommended medication for the treatment of diabetes, has been shown to enhance heart 

function and decrease the occurrence of MI in individuals with type 2 diabetes (Zilov et al., 2019). MET has the 

potential to provide cardioprotective effects via many mechanisms. MET has been seen to improve cardiac 

dysfunctions caused by global ischemia in nondiabetic rats. This effect is achieved via the activation of the AMPK, 

without any significant impact on blood glucose levels {Khalaf, 2022 #57}. 

Recent researches demonstrate that MET has other beneficial benefits, including anti-tumor, anti-aging, and 

cardioprotective properties, in addition to its well-established hypoglycemic impact (Rena et al., 2017).  

MET has significant molecular biological effects via the modulation of key processes. Notably, it downregulates 

the activity of mitochondrial respiratory chain complex I, while concurrently upregulating the phosphorylation of 

AMPK.  AMPK is well recognized as a crucial cellular energy sensor that plays a pivotal role in regulating many 
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cellular processes and functions. Numerous studies have provided evidence supporting the cardioprotective effects 

of MET, which may be attributed to its ability to impede inflammation, autophagy, apoptosis, and many other 

pathways mediated by AMPK (Hasanvand, 2022).  

Pharmacokinetics and chemical structure of MET (MET) 

MET, a biguanide class antidiabetic drug, has a chemical structure comprising two guanidine rings linked by a 

methyl group (Khan, 2024). MET imparts high polarity and water solubility, making it favorable for oral 

administration (Fatima et al., 2024) and it has a molecular weight of 129.16 g/mol (Abbasi et al., 2024). MET is 

absorbed primarily in the small intestine through active transport via organic cation transporters (OCTs), with an 

absolute bioavailability of approximately 50-60%. Following absorption, the drug is rapidly distributed in tissues, 

particularly the liver and gastrointestinal tract, where it exerts its primary effects by inhibiting hepatic 

gluconeogenesis and enhancing insulin sensitivity (McCreight et al., 2016). 

MET has a negligible binding to plasma proteins and does not undergo hepatic metabolism, distinguishing it from 

other antidiabetic agents. It is excreted unchanged in urine via renal tubular secretion and glomerular filtration, 

with a half-life ranging from 4 to 6 hours in healthy individuals. Impaired renal function significantly reduces its 

clearance, necessitating dose adjustments to prevent drug accumulation and minimize the risk of lactic acidosis. 

This pharmacokinetic profile underscores the importance of renal function monitoring during MET therapy (He, 

2020). 

Effects of MET on the adenosine monophosphate-activated protein kinase pathway 

Adenosine monophosphate-activated protein kinase AMPK is a highly conserved heterotrimeric kinase. It serves 

as a crucial regulator of cellular metabolism by coordinating the activity of enzymes involved in the metabolism 

of carbohydrates and fats (Wang et al., 2018). This coordination allows for the conservation and production of 

Adenosine triphosphate (ATP), the primary energy currency of cells. AMPK is stimulated by circumstances that 

result in an elevation in the AMP:ATP ratio, such as physical activity and metabolic strain. Extensive research has 

been conducted to investigate the impact of stress, exercise, and several other situations that generate hypoxia and 

ischemia on the activation of AMPK. When the ratio of AMP to ATP rises, the activation of AMPK is facilitated 

by AMPK (Long & Zierath, 2006). This activation leads to a conformational change in AMPK, which occurs via 

its interaction with AMP. Consequently, the AMP:ATP ratio decreases as a result of the inhibition of ATP-

consuming pathways and the activation of ATP-generating pathways (Dengler, 2020). 

The AMPK presents itself as a potential target for facilitating the favorable metabolic impacts of MET.  AMPK is 

a complex enzyme composed of several subunits (Viollet & Andreelli, 2011). It is well acknowledged as a 

significant regulator of lipid biosynthesis pathways. This recognition stems from its pivotal function in 

phosphorylating and subsequently deactivating crucial enzymes, including acetyl-CoA carboxylase (ACC) (Agius 

et al., 2020). 

Recent research provides solid evidence indicating that AMPK has a strong function in the control of metabolism. 

This encompasses processes such as fatty acid oxidation, absorption of glucose by the muscles, and the production 

of genes involved in gluconeogenesis that are activated by cAMP, such as phosphoenolpyruvate carboxykinase 

(PEPCK) and Glucose-6-phosphatase-β (G6Pase) (Steinberg & Hardie, 2023), Additionally, it includes the 

activation of genes related with hepatic lipogenesis, including fatty acid synthase (FAS), Spot-14 (S14), and L-

type pyruvate kinase, in response to glucose stimulation (Compe et al., 2001). The persistent activation of AMPK 

may also elicit the upregulation of muscle hexokinase and glucose transporters (Glut4), so replicating the 

physiological outcomes associated with prolonged exercise training (Szewczuk et al., 2020).  

MET has been found to induce AMPK activation in primary rat hepatocytes (Stephenne et al., 2011). Additionally, 

it has been observed to activate muscle AMPK and enhance glucose uptake by inhibiting complex I of the 

mitochondrial electron transport chain in hepatocytes (Table 1). 

This inhibition results in a reduction in ATP levels and an increase in AMP levels, ultimately leading to the 

activation of AMPK through the conventional adenine-nucleotide-dependent mechanism (Hawley et al., 2010). 

Elevated levels of AMP further exert inhibitory effects on fructose-1,6-bisphosphatase-1 and adenylate cyclase, 

therefore impeding the process of gluconeogenesis (Alshawi, 2019). The assessment of the impact of MET on 

glucose uptake and AMPK activity in intact rat epitrochlearis muscles was conducted due to the implication of 

AMPK activation as a mechanism for stimulating glucose uptake in skeletal muscle (Suwa et al., 2006), The 

application of MET on isolated muscles led to an augmentation of the activity of both catalytic subunits of AMPK. 

Simultaneously, there was a notable rise in glucose absorption, which was shown to be additional to the impact of 

insulin stimulation (Hasanvand, 2022).  
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MET has been shown to stimulate the activation of AMPK in hepatocytes. Consequently, this leads to a decrease 

in the activity of acetyl-CoA carboxylase (ACC), an increase in fatty acid oxidation, and a suppression of the 

production of lipogenic enzymes (Zhou et al., 2019). The expression of Sterol regulatory element binding proteins 

(SREBP-1), a crucial transcription factor involved in lipogenesis, is suppressed by the activation of AMPK by 

MET or an adenosine analogue. 

Multiple studies have shown that the activation of AMPK by various means, such as exercise, adiponectin, 

thiazolidinediones, and MET, has been associated with a reduction in inflammation, endothelial dysfunction, and 

atherosclerotic vascular disease. These findings imply that AMPK might potentially serve as a valuable therapeutic 

target (Mancini & Salt, 2018).  

The administration of MET effectively inhibited the decline in AMPK phosphorylation and activity, mitigated 

fluid accumulation in the lungs of diabetic mice, and fully restored cardiac function to a healthy state in OVE26 

animals which are caring a transgene overexpressing calmodulin in pancreatic β cells, resulting in early onset of 

type I diabetes (Zhang et al., 2020).  

Effects of MET on the Nuclear Factor Kappa B 

The presence of activated NF-κB has been observed in human atherosclerotic plaques, whereas its absence or 

minimal presence has been noted in arteries that do not exhibit atherosclerosis (Jebari-Benslaiman et al., 2022). 

NF-κB regulates many genes whose products have been involved in the pathogenesis of atherosclerosis. Hence, 

the simultaneous activation of NF-κB-dependent genes might potentially contribute to the development of 

atherosclerosis (Matsumori, 2023). Studies provided evidence that MET effectively suppresses the expression of 

genes associated with inflammation and adhesion molecules by impeding the activation of NF-κB in vascular 

endothelial cells (Table 1). MET exerts its effects via activating AMPK, which in turn mitigates the 

phosphorylation and subsequent degradation of Inhibitory kappa B kinase beta (IκB-κ) by decreasing the action of 

inhibitor of nuclear factor-κB (IκB) kinase (IKK) (Agius et al., 2020). This ultimately leads to the reduction of NF-

κB activation produced by cytokines. While it is important to note that trials conducted on cultured cells may not 

fully reflect the in vivo condition, the findings of this study indicate that MET has potential as an antiatherogenic 

therapy (Poznyak et al., 2022). It seems that the modulation of NF-kB activation through AMPK activation may 

contribute to the vascular protective properties of MET (Agius et al., 2020). This ultimately leads to the reduction 

of NF-κB activation produced by cytokines (Table 1).  

Effects of MET on NOD-like receptor protein 3 

The nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) 

inflammasome is a multiprotein complex consisting of NLRP3, apoptosis-associated speck-like protein containing 

a caspase-1 recruitment domain (ASC) and caspase-1. The NLRP3 inflammasome is a molecular complex that 

becomes activated in response to indications of cellular distress (Wei et al., 2019), leading to the initiation of innate 

immune responses through facilitating the synthesis of pro-inflammatory cytokines, including interleukin (IL). 

Prior research have shown that high blood sugar triggers the activation of NLRP3 (Ding et al., 2019). This 

activation subsequently facilitates the autocatalytic activation of pro-caspase-1, leading to the formation of cleaved 

caspase-1. Subsequently, the process of pro-IL-1β maturation is facilitated by cleaved caspase-1 (Sun & Scott, 

2016). This biological mechanism induces programmed cell death associated with inflammation, which has the 

potential to advance to dilated cardiomyopathy (DCM). The restoration of cardiac function in models of (DCM) 

has been reported via the downregulation of the NLRP3 inflammasome  (Li et al., 2014; Yang et al., 2018).  

 

It is worth mentioning that the activation of AMPK has been seen to reduce the overexpression of NLRP3 

inflammasome in several clinical conditions, including diabetes, pain, ischemic stroke, and endoplasmic reticulum 

stress (Li et al., 2015; Qiu et al., 2016). Moreover, prior researches have shown that autophagy has the ability to 

decrease the activity of the NLRP3 inflammasome via the mTOR signaling pathway (Zhong et al., 2016). Several 

studies indicated that MET has a role in the modulation of the NLRP3 inflammasome via the AMPK/mTOR 

pathway in (DCM) (Yang et al., 2019). The alleviation of (DCM) was shown to be considerable with the inhibition 

of the NLRP3 inflammasome and inflammatory components. Multiple studies have provided evidence supporting 

the notion that MET has cardioprotective and anti-inflammatory properties. These effects are believed to be 

mediated via the activation of AMPK/autophagy pathway, which eventually leads to the inhibition of the NLRP3 

inflammasome in diabetic cardiomyopathy (DCM) (Zhong et al., 2016). (Zhang et al., 2024) (Table 1).   
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Table 1: Anti-inflammatory Mechanisms of MET 

 

Aspect Mechanism/Target Effect/Outcome Pathway/Process Clinical 

Relevance 

Mechanism of 

Action 

Activates AMPK; 

inhibits 

mitochondrial 

complex I 

Reduces hepatic 

gluconeogenesis, 

enhances insulin 

sensitivity, 

improves cardiac 

function 

AMPK activation → 

ATP conservation, 

fatty acid oxidation, 

glucose uptake 

Cardioprotection 

in diabetes; 

reduced MI risk 

Pharmacokinetics Absorbed via OCTs 

in small intestine; 

renal excretion 

Bioavailability 

~50-60%; half-

life 4-6 hours; no 

hepatic 

metabolism 

Renal clearance; 

dose adjustment in 

renal impairment 

Safe but requires 

monitoring in 

renal dysfunction 

to avoid lactic 

acidosis 

AMPK Pathway Inhibits 

mitochondrial 

complex I → 

↑AMP:ATP ratio → 

AMPK activation 

Suppresses ACC 

(↓lipogenesis), 

↑fatty acid 

oxidation, 

↓gluconeogenic 

enzymes 

AMPK → metabolic 

regulation (glucose 

uptake, lipid 

oxidation) 

Anti-

inflammatory, 

anti-apoptotic, 

and anti-

atherogenic 

effects 

NF-κB Inhibition AMPK activation → 

↓IKK → ↓IκB 

degradation → ↓NF-

κB nuclear 

translocation 

Reduces pro-

inflammatory 

cytokines (TNF-

α, IL-6), adhesion 

molecules 

NF-κB pathway 

suppression  

Anti-atherogenic; 

mitigates 

endothelial 

dysfunction and 

vascular 

inflammation 

NLRP3 

Inflammasome 

AMPK/mTOR → 

↓NLRP3 activation; 

↑autophagy → 

↓caspase-1/IL-1β 

Reduces 

inflammasome 

activity, oxidative 

stress, and 

pyroptosis 

NLRP3 → IL-1β 

maturation  

Protects against 

diabetic 

cardiomyopathy 

(DCM); anti-

inflammatory 

effects 

Cytokine 

Modulation 

↓NF-κB and NLRP3 

→ ↓IL-6, TNF-α, IL-

1β (dose-dependent) 

Mitigates LPS-

induced cytokine 

storms; reduces 

sepsis-related 

inflammation 

AMPK-dependent 

suppression of 

cytokine production 

Potential use in 

sepsis, acute 

inflammation, 

and cytokine-

driven conditions 

Oxidative Stress Inhibits 

mitochondrial 

complex I → ↓ROS; 

↑antioxidant 

defenses (e.g., ↓HIF-

1α) 

Reduces oxidative 

damage, 

↓oxLDL-induced 

endothelial stress 

Mitochondrial ROS 

suppression; 

↑cellular antioxidant 

capacity 

Prevents 

endothelial 

dysfunction, 

atherosclerosis, 

and diabetic 

complications 

Cardiac Effects Restores AMPK 

phosphorylation → 

↓lung edema, 

↑cardiac function in 

diabetic models 

Improves 

ischemia-induced 

cardiac 

dysfunction; 

reverses DCM 

pathology 

AMPK/NLRP3/NF-

κB cross-talk → 

anti-fibrotic, anti-

inflammatory 

Therapeutic 

potential in heart 

failure, ischemic 

heart disease, and 

diabetic 

cardiomyopathy 

 

 
Abbreviations: AMPK: Adenosine monophosphate-activated protein kinase, ACC: Acetyl-CoA carboxylase, IL: 

Interleukin, NF-κB: Nuclear Factor Kappa B, NLRP3: NOD-like receptor protein 3, OCTs: Organic cation 

transporters, ROS: Reactive oxygen species, DCM: Diabetic cardiomyopathy, oxLDL: Oxidized low-density 

lipoprotein 
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Effect of MET on cytokine production 

MET has shown the ability to impede the activity of certain proinflammatory cytokines, including Interleukin 6 

(IL-6) and Tumor Necrosis Factor α (TNF-α) (Huang et al., 2009).  

It has been demonstrated that MET has a dose-dependent effect in reducing the production of IL-1, IL-6, and TNF-

α at both the protein and mRNA levels. Similarly, it has been observed that the administration of MET leads to a 

reduction in the production of IL-6 produced by lipopolysaccharide (LPS) in the livers of mice. Furthermore, the 

activation of AMPK by MET has been shown to decrease the acute inflammatory response in two macrophage-

like cell lines {El-Kashef, 2022 #56}. However, it does not activate HIF-1 or IL-10 (Cho et al., 2016; LIU et al., 

2019).  

Both oral and intraperitoneal (IP) treatment of MET showed equivalent effectiveness in reducing the considerably 

high levels of TNF-α in an experimental model of LPS‑induced cytokine storm. No significant differences were 

seen between the two routes of administration (Taher et al., 2023) . Studies previously demonstrated that the oral 

administration of MET to mice subjected to lipopolysaccharide (LPS) treatment resulted in a decrease in the levels 

of TNF-α and IL-6 in the plasma, spleen, and lung tissues (Taher et al., 2023). This reduction in inflammatory 

markers indicates a mitigated impact of LPS-induced inflammation. The study discovered that LPS administration 

was associated with an increase in the levels of TNF-α and cyclooxygenase-2. Nevertheless, prior administration 

of MET resulted in a decrease in the synthesis of these inflammatory mediators (Lin et al., 2023). MET also showed 

a reduction in the generation of inflammatory cytokines, including IL-6, IL-1β, and TNF-α, hence mitigating 

sepsis-induced brain damage in mice (G. Tang et al., 2017) (Table 1). 

Effect of MET on oxidative stress 

Oxidative stress is a state in which there is a disparity between the generation of reactive oxygen species (ROS) 

and the capacity of biological systems to effectively neutralize these reactive intermediates (Pisoschi & Pop, 2015). 

The cellular defense against ROS encompasses enzymatic and nonenzymatic systems that function together to 

provide antioxidant protection. There exists a positive correlation between heightened levels of oxidative stress 

and the occurrence of hyperglycemia, as well as the subsequent emergence and advancement of problems related 

to diabetes (Pizzino et al., 2017).  

MET has significant inhibitory effects on oxidative stress (Cameron et al., 2016). For instance, MET has been 

shown to diminish the levels of ROS and hypoxia-inducible factor-1 (HIF-1). Consequently, this reduction leads 

to a decrease in the expression levels of IL-1β subsequent to extended exposure to proinflammatory LPS stimuli 

(Dias et al., 2020; Guangming Tang et al., 2017). 

Multiple investigations have shown that the principal mechanism of action of MET involves the suppression of 

mitochondrial complex I, also known as Nicotinamide adenine dinucleotide (NADH): ubiquinone oxidoreductase 

(Zhu et al., 2016). The contribution of mitochondrial complex I to the formation of ROS inside the cell may be 

significant (Zhu et al., 2016). There is much documentation indicating that the presence of such a complex 

obstruction result in a notable decline in the formation of reactive species. This decline may be attributed to the 

hindered transportation of electrons from NADH plus H+. Hence, the available data indicates that MET has the 

capacity to decrease endogenous ROS levels inside the mitochondria. The findings of the study demonstrated that 

the administration of MET resulted in enhancements to the antioxidant defense system (Motta et al., 2022), 

regardless of the level of glycemic control. Oxidative stress has been implicated in the impairment of endothelial, 

vascular smooth muscle, and cardiac function, hence hastening the progression of cardiovascular disease (Chang 

& Abe, 2016). A recent research has shown the advantageous impacts of MET on endothelial cells, as it effectively 

suppressed oxidative stress generated by oxidized low-density lipoprotein (oxLDL) in these cells (Hung et al., 

2016).  

Conclusion 

MET emerges as a multifaceted therapeutic agent with profound cardioprotective benefits extending far beyond its 

conventional role in glycemic management. By activating AMPK, MET orchestrates a cascade of metabolic and 

cellular responses—enhancing fatty acid oxidation, suppressing gluconeogenesis, and mitigating cardiac 

dysfunction through anti-inflammatory, anti-apoptotic, and autophagy-modulating mechanisms. Its inhibition of 

the NF-κB pathway attenuates endothelial inflammation and atherosclerotic progression, while suppression of the 

NLRP3 inflammasome curtails oxidative stress and inflammatory cytokine release, pivotal drivers of diabetic 

cardiomyopathy and cardiovascular complications. Pharmacokinetically, MET’s renal clearance profile 

underscores the necessity of dose adjustment in renal impairment, yet its safety and tolerability remain 

advantageous. Importantly, MET’s ability to inhibit mitochondrial complex I reduces ROS production, fortifying 
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cellular antioxidant defenses and further safeguarding cardiovascular health. Clinical evidence supporting MET’s 

role in reducing cardiovascular events in diabetic patients highlights its translational potential. However, further 

studies are warranted to explore its repurpose in non-diabetic cardiovascular diseases and to elucidate dose-

dependent effects in diverse populations. Collectively, MET’s pleiotropic actions position it as a cornerstone in 

cardiometabolic therapy, bridging molecular mechanisms to clinical outcomes and paving the way for innovative 

strategies in cardiovascular disease prevention and treatment. 
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