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Rationale For the Use of Metformin and Exercise to Counteract Statin-associated Side 

Effects

Abstract 

Statins are the most widely prescribed drugs for lowering low-density lipoprotein 

cholesterol (LDL-C) and reducing cardiovascular morbidity and mortality. They are usually 

well-tolerated, but have two main safety concerns: statin-associated muscle symptoms 

(SAMS) and new-onset type 2 diabetes (NOD). Mitochondrial damage and muscle atrophy 

are likely the central mechanisms producing SAMS, whereas decreased glucose transport, 

fatty acid oxidation and insulin secretion are likely involved in the development of NOD. 

Metformin and exercise training share many pathways that could potentially contrast SAMS 

and NOD. Clinical evidence also supports the combination of statins with metformin and 

exercise. This combination appears attractive both from a clinical and an economical 

viewpoint, since all three therapies are highly cost-effective and their combination could 

result in diabetes and cardiovascular disease prevention.

Keywords: statin-associated muscle symptoms; new-onset diabetes; metformin; 

exercise training; cardiovascular.

Abbreviation: PCSK9i: proprotein convertase subtilisin/kexin type 9 inhibitors; SAMS: 

statin-associated muscle symptoms; NOD: new-onset type 2 diabetes; CVD: cardiovascular 

disease; HMG-CoA: 3-hydroxy-3-methyl-glutaryl-CoA; OATP2B1: Organic Anion Transporting 

Polypeptide 2 B1; CoQ10: ubiquinone; GGPP: garanygeranyl pyrophosphate ; FPP: farnesyl 

pyrophosphate; AMPK: adenosine monophosphate kinase; FoXO3a: Forkhead box O3a; 

MURF1: Muscle Ring Finger 1; PGC-1α: peroxisome proliferator-activated receptor-γ 

coactivator 1α; mTORC: mammalian target of rapamycin complex; PI3K: phosphatidylinositol 

3-kinase; Akt: protein kinase B; GLUT4: glucose transporter 4; IRS-1: insulin receptor 

substrate 1; IGF1: insulin-like growth factor 1; ACC: acetyl-CoA carboxylase; TSC2: tumor 

sclerosis complex 2; GSK-3: glycogen synthase kinase 3; MAPK: mitogen-activated protein 

kinase; SIRT1: sirtuin 1; GLP-1: glucagon-like peptide-1; DPP-4: dipeptydil-peptidase-4.
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Introduction

Statins are the most widely prescribed drugs for lowering low-density lipoprotein 

cholesterol (LDL-c) and reducing cardiovascular morbidity and mortality1. The benefits of 

statin therapy are supported by high-quality research studies indicating  that every 1 

mmol/L (38.7 mg/dL) reduction in LDL-c is associated with a 22% relative risk reduction in 

cardiovascular disease (CVD) events2. It is now possible, with the development of proprotein 

convertase subtilisin/kexin type 9 (PCSK9) inhibitors, to produce very large reductions in 

LDL-c3,4. Median LDL-c levels as low as 30 mg/dL in the FOURIER Study were associated 

with reductions in CVD events, with no evidence of safety issues over the 2.2 years of the 

study duration5. Statins are well-tolerated, but have two main safety concerns: statin-

associated muscle symptoms (SAMS) and new-onset type 2 diabetes (NOD)6. 

This review focuses on these two statin side-effects. We will discuss the responsible 

mechanisms of statin-associated SAMS and NOD. Then we will provide a rationale for the 

potential role of Metformin and exercise in the treatment/prevention of SAMS and NOD 

(Figure 1).

Methods

A PubMed (https://pubmed.ncbi.nlm.nih.gov/) search was carried out to identify the 

relevant literature. The following key words were used: statins, statin-associated muscle 

symptoms, statin myalgia, statin-associated diabetes, metformin and statins, exercise and 

statins.  We included human, as well as animal and in vitro mechanistic studies. Articles 

published in the last 20 years in English language were included. Additional relevant articles 

were identified from the reference lists of selected articles and from a hand search of 

pertinent journals.

SAMS and diabetes
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SAMS  are defined as “muscle pain, weakness and aches, usually symmetrical and 

proximal, affecting the thighs, buttocks, calves and back muscles, not normally associated 

with marked creatine kinase (CK) elevation”7.  SAMS  are statins’ most prevalent adverse 

event, and they have been estimated to comprise about 72% of all statin adverse events8. Up 

to 60% of patients who discontinue statins cite SAMS as a contributing factor9. The 

frequency of SAMS varies from 0.1-0.2% in Randomized Controlled Trials to 29% in non-

blinded observational studies7. One reason for such a wide variation may depend on the 

“nocebo effect” (effect of negative expectations)10 or the “drucebo effect” (beneficial or 

adverse effects of a drug, which result from expectation and are not pharmacologically 

caused by the drug)3,11,12. Another factor might be the lack of standardized diagnostic tests, 

which makes the diagnosis of SAMS difficult and can lead to labeling every muscle complaint 

as SAMS producing an, excessive diagnosis in clinical practice13. 

The risk of new-onset type 2 diabetes (NOD) has been estimated to increase 10-12 % 

with statin use14. Different doses and types of statins demonstrated different potential to 

increase the incidence of diabetes15. NOD risk is higher in patients with impaired fasting 

glucose and elements of the metabolic syndrome (hypertension, triglycerides >150 mg/dl 

and Body Mass Index >30 kg/m2)16. Metabolic Syndrome (MS) patients are also at increased 

risk of type 2 diabetes without statin use.17,18. MS patients may be more likely to experience 

SAMS 19, which may put them at risk to discontinue statins and reduce their physical 

activity20. Both, statin discontinuation and physical inactivity, further increase the risk for 

future cardiovascular events and death21–23. Although statins increase the risk of NOD, its 

long-term clinical outcomes are not clear. Statins have not been shown to increase 

microvascular complications of diabetes24. High adherence to statins decreases 

macrovascular complications in diabetic patients, thus making statin-associated diabetes 

possibly less deleterious than diabetes from other etiologies25.   

The primary site of action of statins is the liver. 3-hydroxy-3-methyl-glutaryl-CoA 

(HMG-CoA) reductase inhibition in the hepatocyte increases LDL receptor activity and 

reduces blood LDL-C. However, other tissues are also sensitive to statin action. Among these, 

the skeletal muscle expresses the Organic Anion Transporting Polypeptide 2 B1 (OATP2B1), 

which transports statins into cells26,27. Compared to hepatocytes, HMG-CoA reductase in A
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skeletal muscle is 40 times more sensitive to inhibition by statins 28,29, and such effects 

increase in situations that increase statin plasma concentrations30.  

Inhibition of the mevalonate pathway decreases the concentration of downstream 

products, including sterol isoprenoids, non-sterol isoprenoids and prenylated proteins and 

increases HMG-CoA precursors, including acetyl CoA used to synthesize acyl CoA and 

triglycerides6. Other products of the mevalonate pathway such as dolichol, ubiquinone 

(CoQ10), heme A, garanygeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP), 

are involved in chromatin organization and gene expression31, intra-cellular signaling and 

trafficking32, mitochondrial electron transport31, protein synthesis, cell growth and 

differentiation33, cytoskeletal assembly, membrane function, and apoptosis28,34. Reductions 

in these intermediates in skeletal muscle and the pancreatic β-cell have been linked to SAMS 

and NOD (see6,35for review). For the purpose of this review we will only discuss the major 

mechanisms involved in SAMS and NOD.   

HMG-CoA reductase inhibition has been associated with dysfunctional electron 

transport chain (ETC) in the mitochondrial inner membrane35.  This decreases ATP 

production and increases reactive oxygen species (ROS) from the interaction of oxygen with 

the electrons escaped from the ETC36. The excess in oxidative stress initiates a cascade of 

events, such as Ca++ influx into the mitochondrial inter-membrane space, rupture of the 

outer membrane and mitochondrial damage35.  Cytochrome C is released from the 

mitochondria to the cytoplasm, where it forms a complex called an “apoptosome” inducing 

mitophagy and cell apoptosis35,37. In tissues where ROS are normally present in high 

amounts, like oxidative muscle fibers, cellular antioxidant systems neutralize ROS, making 

the cell less susceptible to damage35. In glycolytic (type II) muscle fibers, which normally 

have fewer mitochondria and are less exposed to ROS, antioxidant defense systems are 

lacking, making them more prone to damage. Damage of the mitochondrial network 

activates the adenosine monophosphate kinase-Forkhead box O3a (AMPK-FoXO3a) pathway 

that induces muscle atrophy genes (atrogin-1 and Muscle Ring Finger 1) and muscle loss38. A 

decrease in peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) has been 

observed with HMG-CoA reductase inhibition35. PGC-1α is a key regulator of mitochondrial 

biogenesis and increases mitochondrial content and function39,40. The combination of A
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mitochondrial damage with the reduction of PGC-1α results in net reduction of normally 

functioning mitochondria41. Therefore, mitochondrial loss predominates over mitochondrial 

genesis and disrupts cellular energetics. 

Reduced cellular energy levels, activate AMPK and inhibit mammalian target of 

rapamycin complex 2 (mTORC2)35,42. The latter is one of the two distinct mTOR complexes 

(mTORC1 and mTORC2), which integrate signals concerning the availability of cellular 

energy, nutrients and growth factors to affect protein and lipid metabolism, cell proliferation 

and autophagy through the phosphorylation of distinct effectors43. Inhibition of mTORC2 

interferes with the PI3K/Akt/mTOR pathway (phosphatidylinositol 3-kinase/protein kinase 

B/mammalian target of rapamycin) 42,44 This pathway regulates protein synthesis and 

degradation, apoptosis and insulin action35,44. As a result, there is an inhibition of the 

mTORC2 signaling involved in protein synthesis and an increase in FoxO3a-atrogin-1 and 

MURF1 (Muscle Ring Finger 1) expression.  These  mediate a decrease in protein synthesis, 

an increase in protein degradation, and subsequent muscle atrophy44–46. In addition, the 

PI3K/Akt pathway is involved in regulating glucose uptake and insulin action35. Statins 

inhibit glucose transporter 4 (GLUT4) vesicle translocation, as well as insulin receptor (IR), 

insulin receptor substrate 1 (IRS-1) and glycogen synthesis47–49. Inhibition of GLUT4 

translocation by statins has also been demonstrated in adipose tissue50. GLUT4 is expressed 

in skeletal and cardiac muscles as well as in both brown and white adipocytes, cells which 

are important in insulin-sensitive glucose transport 51. Therefore, Akt inhibition by statins is 

associated with insulin resistance and may favor the development of type 2 diabetes. This 

hypothesis is supported by the reversal/prevention of such effects in vitro with exposure of 

muscle cells to insulin, insulin-like growth factor 1 (IGF1)44, mevalonate46 and GGPP35. 

Long-term statin therapy is also associated with reduced  triglyceride synthesis from 

fatty acids (FA) and diacylglycerol (DAG)52. On the other hand, mitochondrial dysfunction 

may lead to impaired β-oxidation53. These conditions favor the accumulation of non-

esterified intermediates of lipid metabolism, such as FA, DAG and ceramides, producing 

“lipotoxicity”54,55. Lipotoxicity affects non-adipose tissues including skeletal and heart 

muscle, the liver and β-cells where it interferes with insulin signaling, insulin secretion and 
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glucose metabolism56. The ultimate result is insulin resistance, muscle atrophy55, β-cell 

failure, hepatic steatosis, and eventually type 2 diabetes56. 

Similar to muscle, HMG-CoA Reductase inhibition in the pancreatic β cell reduces 

intracellular isoprenoids and CoQ10, altering ATP synthesis57,58. Low intracellular ATP levels 

prevent the closure of the ATP-dependent potassium channel, necessary for the activation of 

the metabolic cascade ensuing exocytosis of insulin-containing granules59. When 

intracellular LDL-C is lowered by statins, the β-cell up-regulates LDL receptors and increases 

LDL-C uptake from the plasma to replenish intracellular LDL-C58. LDL-C overload could 

contribute to β-cell toxicity through at least two possible mechanisms. First, LDL-C 

accumulation inhibits glucokinase, the rate-limiting enzyme for intracellular glucose 

metabolism, which lowers β-cell ATP levels and further reduces glucose-mediated insulin 

secretion60. Second, plasma-derived LDL-C may undergo oxidative modification, initiating 

inflammation58, which can induce β-cell apoptosis61.  Hence, statin-induced β-cell failure 

could contribute to the development of overt type 2 diabetes in the presence of insulin 

resistance/impaired fasting glucose and other risk factors for NOD.

In summary, HMG-CoA reductase inhibition in skeletal muscle and pancreatic β-cells, 

leads to a series of changes that increase the risk of muscle damage and NOD. Mitochondrial 

damage and muscle atrophy are likely the central mechanisms producing SAMS, whereas 

decreased glucose transport, fatty acid oxidation and insulin secretion are likely involved in 

the development of NOD. Physiological and pharmacological interventions able to restore 

cellular energetic pathways and stimulate mitochondrial biogenesis could counteract statin 

side-effects. Even though these side effects occur in a minority of patients, their occurrence 

may impact adherence to statin therapy. Nearly 10% of patients stop taking a statin because 

of drug related symptoms62, thus affecting future prevention of cardiovascular events. Every 

attempt should be made to increase treatment adherence in high risk populations for whom 

statins are highly recommended because benefits of therapy by far outweigh the risks62.

Exercise and statins
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Role of exercise in statin-associated diabetes and muscle symptoms 

Approximately 80% of insulin-stimulated glucose disposal occurs in skeletal muscle63,64. 

During contraction, skeletal muscle can increase ATP turnover >100 fold to provide energy 

for exercise65. ATP consumption by the contracting muscle, leads to energy depletion and 

decreases the ATP:AMP ratio. This causes phosphorylation and subsequent activation of 

AMPK, in an intensity-dependent manner64. AMPK is known as the master metabolic 

regulator66 because it increases in low energy/nutrient states and stimulates ATP-

generating processes, thus restoring normal energy levels67. Active AMPK, phosphorylates 

downstream targets, such as acetyl-CoA carboxylase (ACC), tumor sclerosis complex 2 

(TSC2), mTORC1, HMG-CoA reductase, PGC-1α, and glycogen synthase kinase 3 (GSK-3)66,68. 

In addition, AMPK acts at different levels of the IRS1/PI3K/Akt pathway, increasing GLUT4 

translocation and insulin signal transduction, thus potentiating insulin effects64. These 

changes favor glucose uptake, glycolysis, glucose and fatty acid (FA) oxidation, and 

mitochondrial biogenesis68. At the same time, ATP-consuming processes such as 

gluconeogenesis, glycogen synthesis, lipogenesis, cholesterol and protein synthesis are 

suppressed68,69. Therefore, the activation of AMPK shifts lipid metabolism towards FA-CoA 

oxidation and ATP production rather than lipid peroxidation or ceramide and diacylglycerol 

synthesis66,70. Such effects may prevent the tissue lipotoxicity, associated with insulin 

resistance, β-cell dysfunction and apoptosis71. AMPK may play a central role in regulating 

muscle insulin sensitivity and glucose metabolism after exercise72,73, Glycogen depletion, 

leads to an insulin-mediated glucose uptake and stimulates glycogen synthase that 

replenishes glycogen deposits64, thus contributing to post-exercise insulin sensitivity and 

glucose homeostasis. 

Type 2 diabetes is associated with AMPK dysregulation68 and decreased 

mitochondrial content and function74,75. AMPK plays an important role in the development of 

insulin resistance and type 2 diabetes67 and evidence supports that AMPK activation by 

exercise could reverse muscle insulin resistance 76.

Exercise is a powerful stimulus for mitochondrial biogenesis77,78. Muscle contraction 

triggers signaling events including calcium ion release, changes in the AMP:ATP ratio and in 

the production of ROS75,79. These lead to activation of transcription factors, coactivators and A
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regulators, among these AMPK, P38 mitogen-activated protein kinase (MAPK) and sirtuin 1 

(SIRT1), all of which activate PGC-1α80–82. PGC-1α may translocate from the nucleus to the 

mitochondria to coordinate mitochondrial DNA transcription and to generate proteins that 

contribute to mitochondrial biogenesis75. Human studies have shown that mitochondrial 

function and capacity increase shortly after endurance exercise 83,84. Russel and colleagues 

suggest that exercise intensity is the best determinant of increases in mitochondrial function, 

whereas exercise volume is the best predictor of mitochondrial content79. 

Muscle insulin resistance is associated with reduced mitochondrial function74 and 

content85. Endurance exercise increases insulin sensitivity and skeletal muscle 

mitochondrial proteins in type 2 diabetes79,86. Similar effects have been demonstrated after 

resistance exercise in the muscle of aged men80,87.  Reduction or cessation of physical activity 

quickly reverses mitochondrial adaptations84,88, and shifts the muscle contractile 

characteristics towards type II (glycolytic), often with muscle atrophy 75,89. 

An increase in mitochondrial content and oxidative capacity means that more ROS 

will be generated in the respiratory chain, but lower ROS levels have been reported with 

exercise79. This is likely due to increased mitochondrial content per unit of tissue which 

increases respiration efficiency 79. Exercise-stimulated mitochondrial biogenesis also 

prevents the ROS excess associated with conditions such as insulin resistance, 

hyperglycemia90 and myopathy91. In addition to these effects on mitochondrial function 

Induced expression of PGC-1 α reduces muscle protein degradation and atrophy by directly 

interfering with a FoxO3/atrogin-1/MURF1 pathway92.  

This effect is probably augmented by an increase in mTORC2 from endurance 

exercise93. mTORC2 is necessary for the activation of Akt, which inhibits FoxO3, thereby 

preventing muscle atrophy94. Akt activation, on the other hand, stimulates the translocation 

of GLUT4, increasing glucose uptake35,95. Endurance exercise also synergically increases 

insulin sensitivity via reducing another component of the mTOR family, mTORC164, which 

reduces the inhibition of IRS1 and improves insulin signaling64.

The roles of mTORC1 and mTORC2 in resistance exercise-induced hypertrophy have 

been reviewed96. Resistance exercise increases mTORC1 and mTORC2, thereby increasing A
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skeletal muscle protein synthesis (mTORC1) and decreasing protein degradation 

(mTORC2/Akt/FoxO3 pathway)96, thus augmenting muscle hypertrophy97. 

In summary, aerobic and resistance exercise training can improve fat oxidation, 

glucose transport, insulin sensitivity, mitochondrial biogenesis, ROS generation and increase 

muscle mass. These effects offer a theoretical basis to support the hypothesis that exercise 

training may prevent statin-associated muscle damage and statin-related type 2 diabetes.    

Statin therapy and exercise training

The association between statins and exercise training (ET) has not been extensively studied, 

although there are reports that muscle complaints are more frequent in physically active 

individuals98. A double-blind, placebo-controlled trial, found that subjects treated with 

lovastatin had higher creatine kinase (CK) levels after eccentric exercise than did placebo-

treated controls, suggesting that statins increase sarcolemma injury in response to an acute 

exercise challenge99. A study of Boston Marathoners found higher CK levels after the race in 

statin users compared to those not using statins100. 

Statin use has been associated with increased muscle fatigability101, decreased muscle 

strength102 and decreased oxidative capacity101. Others have found no consistent adverse 

effects of statin therapy on cardiorespiratory fitness, muscle strength, athletic performance, 

or physical activity patterns98,103. It has been suggested that lower muscle performance seen 

with statins, may not be related to the statins, but to pre-existing low exercise levels, which 

produce hypercholesterolemia prompting statin therapy104. Starting statin therapy does 

appear to reduce physical activity levels 105. Also, the Lifestyle Interventions and 

Independence for Elders (LIFE) Study found similar exercise training adherence between 

subjects on and off statins106, suggesting that statins per se do not affect exercise 

performance. SAMS, however, can be associated to less engagement in endurance and 

muscle-strengthening activity20 and thus, a decrease in cardiovascular and muscular 

fitness107. Studies in mice suggest that statin-myopathy may reduce activity in a manner that 

prevents muscle from mounting a beneficial adaptive response to training108. Taken 

together, this evidence suggests the presence of SAMS is to be held responsible for the 

reduced exercise adherence and decreased fitness, rather than statin use per se.A
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Combining statin therapy with exercise training (ET), could produce multiple benefits 

in specific populations. Statins reduce all-cause mortality in patients with hyperlipidemia, 

diabetes mellitus, and/or hypertension109. ET reduces the risk of cardiovascular disease, 

obesity and type 2 diabetes, osteoporosis and loss of function with age110. No longitudinal 

randomized controlled trials have directly evaluated the combination of statins with ET in 

high-risk populations. A meta-analysis of 17 studies concluded that chronic exercise training 

prior to statin treatment could prevent SAMS111. Cardiorespiratory fitness (CRF) shows a 

linear inverse relationship with the risk of diabetes, with each MET (metabolic equivalent) 

increase in CRF producing approximately an 8% lower relative risk RR of type 2 diabetes in 

the general population112. Similar risk reduction is seen in statin users113. Furthermore, the 

risk of diabetes in statin-treated patients is inversely related to CRF, and diabetes risk was 

evident only in the Least-fit (peak VO2 4.8 ± 1.2 METs) and Low-fit (peak VO2 6.5 ± 1.1 METs) 

patients114. In statin-treated patients, high levels of CRF (peak VO2 > 9 METs) were 

associated with significantly lower mortality risk (HR 0.3) compared to the least fit 

population (peak VO2 < 5 METs)115.  

Combined aerobic and resistance exercise, and metformin are first line therapies for 

preventing and treating type 2 diabetes116Metformin and Statins

Metformin has multiple molecular mechanisms of action, which are not entirely 

understood. Metformin alters hepatic glucose metabolism by enhancing the action of insulin 

and opposing the effect of glucagon, thus reducing hepatic glucose production117–119. The 

liver had long been considered metformin’s main site of action, but studies of gut-restricted, 

delayed-release metformin has demonstrated that metformin’s predominant glucose-

lowering effect occurs in the distal part of the small intestine120. Metformin increases glucose 

uptake and anaerobic metabolism by enterocytes, leading to lower systemic glucose 

absorption and increases delivery of the lactate generated to the liver117,121. Colonic 

enterocytes secrete glucose into the blood stream even when no glucose is present in the 

colon, suggesting that colonic enterocytes take up and metabolized glucose from the 

systemic circulation122. Metformin also enhances glucagon-like peptide-1 (GLP-1) action, 

either by reducing dipeptydil-peptidase-4 (DPP-4) activity or by increasing intestinal GLP-1 

production117,123,124. GLP-1 acts on the pancreatic β-cells to enhance/restore early-phase A
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insulin secretion125, and indirectly suppresses hepatic gluconeogenesis through central 

hypothalamic signaling 126. 

Metformin reaches concentrations inside the mitochondria that are nearly 1000 

times higher than in the extracellular medium127.  Metformin inhibits complex I of the 

mitochondrial electron transport chain increasing the production of mitochondrial-derived 

reactive nitrogen species128, and the AMP:ATP and NAD+/NADH ratios117. This metformin-

induced mitochondrial dysfunction leads to activation of cellular AMPK117,129. Other cellular 

organelles, such as lisosomes, may also play a role in AMPK activation130. 

AMPK activation affects several other enzymes involved in lipid metabolism. AMPK 

phosphorylates ACC1/ACC2, which inhibits the conversion of acetyl CoA to malonyl CoA, 

thus decreasing lipogenesis and promoting lipid oxidation131. These increase muscle and 

liver insulin sensitivity118,132,133 and attenuate organ and endothelial lipo-toxicity132,134. 

Reductions in liver lipid content further reduce insulin resistance and hepatic glucose 

production70.  The effects of metformin on lipid oxidation and glucose metabolism may also 

have a role in regulating insulin secretion by protecting the pancreatic β-cell from the lipo – 

and gluco-toxicity associated with insulin resistance and diabetes132. Metformin also 

decreases cyclic AMP (cAMP), which suppresses glucagon-induced gluconeogenesis, further 

aiding glycemic control117–119.

Metformin also reduces HMG-CoA reductase activity, which inhibits the mevalonate 

pathway68,135, giving metformin statin-like properties. Inhibition of the mevalonate pathway, 

reduces isoprenoids, prenylated proteins and cholesterol, which could potentiate the 

cholesterol-lowering effect of statins136. Similar to the glucose-lowering effect, the intestine 

rather than the liver may play a central role in this effect of metformin132. Metformin inhibits 

intestinal bile acid absorption137. This forces the liver to use cholesterol to increase bile acid 

production138. On the other hand, by acting as a statin, metformin could potentially worsen 

muscle symptoms139. AMPK activation is central to the hypothetical mechanisms by which 

metformin might produce SAMS. As mentioned above, AMPK phosphorylation stimulates 

pathways that generate ATP and inhibits pathways that consume ATP67. As a result, 

synthesis of non-essential proteins is decreased and protein degradation is favored by 

stimulation of the FoxO pathway and inhibition of mTORC1140. These pathways could up-A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

regulate the expression of atrogin-1 and MURF1 similar to statins 141, thus exacerbating 

muscle degradation. In contrast to statins, metformin increases PGC-1 α, which increases 

mitochondrial content and function90,118,142,143 and reduces atrogin-1 expression and muscle 

atrophy144. Studies in mice show that metformin decreases tumor-associated skeletal muscle 

myopathy through insulin-mediated activation of PI3k/Akt signaling and by decreasing of 

atrogin-1145. Similarly, metformin counteracts muscle atrophy induced by obesity, partly 

through the PGC-1α-FoxO3 pathway92. Statin-induced over expression of atrogin-1 can be 

prevented by over-expression of PGC-1α in Zebra fish45. Therefore, metformin, by activating 

AMPK and inducing the expression of PGC-1 α, could counteract the atrogin-1 expression 

with statins, thus reducing SAMS and allowing preservation of skeletal muscle.

There are no randomized controlled trials testing the effect of metformin on SAMS in 

humans. The ACCORD study randomized diabetics who were on statins to fenofibrate or 

placebo. An exploratory analysis of ACCORD found that metformin users had fewer SAMS 

than subjects not treated with metformin. 146. The effectiveness of metformin in preventing 

type 2 diabetes in high-risk populations has been demonstrated by randomized-controlled 

clinical trials147–149. Metformin has a “Grade A” recommendation from the American Diabetes 

Association for the prevention of Type 2 Diabetes116. Nevertheless, it is not frequently used 

for this purpose150,151. If we were to consider statin use as a risk factor for diabetes, it is 

possible that metformin could also delay/prevent statin-associated diabetes. This possibility 

has not been studied to our knowledge.  

Metabolic syndrome is associated with increased risk of cardiovascular morbidity 

and mortality152. Most patients with metabolic syndrome would benefit from both statin 

therapy and metformin to prevent cardiovascular disease and type 2 diabetes. Brinton and 

colleagues found that metabolic syndrome patients were at increased risk of developing 

SAMS while on statins19. In a hypothetical scenario, the patient who is experiencing side 

effects from statins, may initially avoid physical activity due to muscle aches, which leads to 

decreased fitness and increased risk of developing cardio-metabolic disease. If muscle 

symptoms impact greatly the patient’s life, the patient will probably stop taking statins 

altogether, thus escalating the risk of cardiovascular events. Any strategy that reduced SAMS 

would increase the number of patients able to adhere to statin therapy9 and engage in A
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physical exercise20. This could reduce all-cause mortality and recurrence of cardiovascular 

disease153 and type 2  diabetes154.  

However, the prescription of metformin to prevent statin side effects would be off-label and 

careful risk-benefit evaluations should be made considering metformin itself may lead to 

more side effects likediarrhoea, vitamin B12 malabsorption, lactic acidosis ect155. Some of 

these side effects, especially gastrointestinal disturbances, may become very bothersome to 

patients and reduce their adherence to therapy altogether. The appearance of side effects, as 

well as the pharmacologic response to metformin, are influenced by genetic determinants156. 

Being aware of these pharmacogenetic determinants would help predict the responses to the 

drug and identify patients who could benefit the most, with fewer side effects. 

Conclusions 

The idea of combining statins with metformin and exercise appears attractive, both 

from a clinical and economical viewpoint. All three therapies are highly cost-effective 157–159 

and would have major public health implications if their combination resulted in additional 

diabetes and cardiovascular disease prevention. This combination is strongly supported by 

molecular pathways, but relevant clinical evidence remains scarce. Prospective, randomized-

controlled trials are warranted to assess the effect of metformin and exercise on SAMS and 

diabetes prevention among statin users, particularly those at higher risk of diabetes. 
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