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Abstract: Excess nutrient intake and lack of exercise characterize the problem of obesity 
and are common factors in insulin resistance (IR). With an increasing number of prediabetic, 
and type 2 diabetic populations, metformin is still the most prescribed glucose-lowering drug 
and is often accompanied by recommendations for regular physical exercise. Metformin, by 
the inhibition of complex 1 of the electron transport chain, and exercise, by increasing energy 
expenditure, both elicit a low cellular energy state that leads to improvements in glucose 
control via activation of adenosine 5ʹ monophosphate-activated protein kinase (AMPK). An 
augmented stimulation of the energy-sensing enzyme AMPK by either of the two modalities 
leads to an increase in glycogenolysis, glucose uptake, fat oxidation, a decrease in glycogen 
and protein synthesis, and gluconeogenesis in muscle and the liver, which are remarked as 
having positive effects on metabolic pathophysiology observed in IR and type 2 diabetes 
mellitus (T2DM). While both modalities exploit the energy-sensing enzyme AMPK to attain 
glucose homeostasis, the synergistic effect of these two treatments is not distinctly supported 
by the literature. Further, an antagonistic dynamic has been observed in cases where 
metformin and exercise were combined. Reduction of insulin-sensitizing effects of exercise 
and an overall hindrance of exercise performance and adaptations have been reported and 
could suggest the possible incongruity of these two modalities. The aim of this review is to 
elucidate the effect that metformin and exercise have on the management of the metabolic 
abnormalities observed in T2DM and to provide an insight into the interaction of these two 
modalities. 
Keywords: exercise, metformin, glucose control, type 2 diabetes mellitus, AMPK

Introduction
Type 2 Diabetes Risk Factors, Prevalence, and Risk of 
Other Diseases
Energy imbalance in calories consumed and calories expended, an increased intake of 
energy-dense food, and a sedentary lifestyle play a major role in the development of 
obesity. In 2016, according to the World Health Organization (WHO),1 obesity (abnor-
mal or excessive fat accumulation that may impair health) defined by body mass index 
equal to or greater than 30, was seen in 13% of the world’s adult population, while 39% 
of adults aged 18 years and older were classified as overweight. The early onset and the 
prevalence of obesity in youth and young adults are likely to translate into a high 
cumulative incidence of type 2 diabetes mellitus (T2DM) and is supported by the 
incidence reports from around the world.2 According to the Center for Disease Control 
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and Prevention3 national diabetes report for 2018, about 
10.5% or 34.2 million of the US population suffers from 
diabetes, while about 34.5% of the population categorizes as 
prediabetic based on their fasting glucose or glycated hemo-
globin levels. Further, out of the 34.2 million diagnosed with 
diabetes, T2DM accounts for approximately 90% to 95% of 
all diabetes cases in the U.S.3

People suffering from T2DM have a higher prevalence 
rate of cardiovascular diseases (CVD) when compared to 
normal, non-diabetic subjects.4 Kivimäki and colleagues5 

observed that asymptomatic, and undetected changes of 
metabolism in obesity, precede T2DM development and 
increase the risk of cardiometabolic multimorbidity propor-
tionally to the increase in body mass index. Additionally, the 
risk of CVD is directly proportionate to the rise in plasma 
glucose levels, even in the prediabetic state, where glucose 
levels are not sufficient for a diabetes diagnosis.6 Einarson 
and colleagues7 concluded that approximately 32.2% of all 
persons suffering from T2DM are affected by CVD, with 
coronary artery disease and stroke accounting for the major-
ity of incidence. Aside from the morbidity and mortality of 
CVD, patients suffering from T2DM have an increased 

incidence of cancer,8 neuropathy,9 nephropathy,10,11 and 
overall increased risk of all-cause mortality.12,13 Decreasing 
the incidence of obesity and regulation of blood glucose 
ought to be the main focus for the management of T2DM, 
and the prevention of the development of T2DM from the 
prediabetic state, or obesity alone.

Treatment modalities in T2DM involve lifestyle mod-
ification, often in synchrony with oral hypoglycemic, insu-
lin-sensitizing, and other medication that reduces insulin 
resistance (IR). While exercise and metformin are the most 
prescribed modalities to manage T2DM due to the similar 
effects on glucose control; in recent years some studies 
showed the potential negation of the positive effects that 
these modalities can have if implemented together.14–27 

Because the research in this area is scarce and results are 
inconsistent, a comprehensive review of the studies is 
needed to further elucidate the impact of the combination 
of exercise and metformin on the management of meta-
bolic pathophysiology of T2DM. Additionally, discussion 
about the effects of exercise and metformin cannot only 
focus on the management of T2DM but must be extended 
further to describe the interactions of two modalities.

Graphical Abstract
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Type 2 Diabetes Pathophysiology
To better understand T2DM, and the role of IR in the 
development of diabetes and other cardiometabolic mor-
bidities, it is important to understand the pathophysiology 
and the chronic changes that T2DM elicits. Understanding 
the effect of IR on the metabolism of an obese, predia-
betic, or diabetic patient, allows for a better understanding 
and differentiation of the cause(s) of T2DM, along with 
symptoms that develop as a consequence of such 
a metabolic abnormality. Fundamentally, T2DM is 
a metabolic disorder characterized by persistent hypergly-
cemia that originates from the lower glucose disposal and 
an increased rate of glucose appearance.12,28,29 Greater 
rate of glucose appearance stems from the inability of 
insulin to place a restraint on gluconeogenesis and glyco-
genolysis in the liver.28 Alternatively, IR and impaired 
function of insulin in peripheral tissue result in a lower 
glucose clearance rate.28,29 IR, often defined as a decrease 
in cell sensitivity to insulin, leads to a compensatory 
increase in insulin secretion (hyperinsulinemia) to ensure 
euglycemia.12 With the progression of IR, the failure of 
the pancreatic islet beta cells to release enough insulin 
leads to a chronic increase in blood glucose concentration, 
hyperglycemia, and a diagnosis of T2DM.30 While beta- 
cell dysfunction and IR affect each other and, in synergy, 
lead to the development of metabolic abnormalities 
observed in T2DM, it seems that the development of IR 
promotes beta-cell exhaustion, leading to beta-cell demise, 
a decreased beta-cell number, increase in their mass, and 
cell dedifferentiation.30 This suggests that the progression 
and treatment of T2DM and IR are dependent on glucose 
regulation and increased cell insulin sensitivity.

With the progression of the pathophysiology of T2DM, 
specifically with decreased insulin sensitivity, multiple 
symptoms such as hormone alterations, mitochondrial dys-
function, and altered fat oxidation arise.29 Decreased insu-
lin-mediated suppression of hormone-sensitive lipase in IR 
leads to increased hydrolysis of triglycerides, and elevated 
blood free fatty acids (FFA) levels promoting dyslipide-
mia, and CVD development.5,29,31,32 This increase in FFA 
circulation is not only a concern when it comes to the 
proliferation of CVD disease, but it seems to have 
a significant effect on insulin sensitivity. An increase in 
blood FFA was shown to impair glucose uptake/transport33 

in hepatic and peripheral tissue,34 as well as skeletal 
muscle,35 further contributing to hyperglycemia and pro-
liferation of IR. This cycle of decreased insulin 

suppression of hormone-sensitive lipase, and in return, 
increased FFA blood concentration, leads to lipid overload. 
It has been shown that lipid overload of skeletal muscle 
mitochondria, leads to further mitochondrial dysfunction 
and a decrease in insulin sensitivity.36 By the inhibition of 
carnitine palmitoyltransferase-1 (CPT-1), and the decrease 
in mitochondrial fatty acid oxidation, Wicks et al37 

observed an increase in peroxisomal fatty acid oxidation 
and an increase in mitochondrial biogenesis. This led to 
improved glucose tolerance, suggesting that a decrease in 
the concentration of FFA can have a therapeutic effect. 
With the progression of IR and further damaging of pan-
creatic beta cells, prediabetic and patients with T2DM 
suffer from an array of confounding metabolic abnormal-
ities including inflammation, dyslipidemia, hormone 
alterations, and mitochondrial dysfunction that collectively 
increase the risk of all-cause mortality. While the meta-
bolic abnormalities observed in T2DM are often highly 
correlated to a greater risk for the development and the 
furthering of the other diseases mentioned above, the focus 
of the treatment of T2DM must stay in the underlying 
causal factors, specifically the improvement of glycemic 
control.

With skeletal muscle being responsible for most of the 
insulin-stimulated glucose uptake, it seems that skeletal 
muscle IR is a key point for the development of T2DM. 
Excess nutrient intake and excessive exposure to glucose, 
FFA, or amino acids proliferate the development of 
IR.28,36 Further, Saha et al38 showed that an excess of 
glucose and branched-chain amino acid leucine, while 
stimulated protein synthesis, induced skeletal muscle IR 
while simultaneously decreasing the adenosine 5ʹ mono-
phosphate-activated protein kinase (AMPK) activity. 
Reduced AMPK activity leads to a subsequent decrease 
in glucose uptake and increases in FFA synthesis fostering 
the development of IR.24,38 Considering that glucose 
uptake and increased fatty acid synthesis are observed as 
contributing factors of IR and subsequently T2DM, regu-
lation of the AMPK activity seems to be a target of interest 
when developing modalities used to mediate and treat 
T2DM.

AMPK
AMPK is an energy-sensing enzyme that plays a key role 
in nutrient regulation and insulin sensitivity.41 As a result 
of the multifaceted effect that this kinase has on metabo-
lism (Figure 1), it has been actively studied in the context 
of metabolic disorders including IR. When activated in 
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skeletal muscle, AMPK through downstream targets aug-
ments glucose uptake (via increased glucose transporter 
type (GLUT) 4 translocation), mitochondrial oxidation of 
long-chain fatty acids (via phosphorylation of acetyl-CoA 
carboxylase), inhibition of protein synthesis through mam-
malian target of rapamycin complex 1 (mTORC1), and 
promotion of mitochondrial biogenesis through activation 
of peroxisome proliferator-activated receptor γ co- 
activator-1α (PGC-1α).28,39–44 In addition to skeletal mus-
cle, of the specific interest are the effects of AMPK on 
adipocytes and hepatocytes considering their role in the 
pathophysiology of T2DM. Activation of AMPK in the 
liver leads to an increase in glucose uptake and fatty acid 
oxidation and inhibits gluconeogenesis, fatty acid, and 
cholesterol synthesis.28,40 Additionally, activated AMPK 
increases fatty acid oxidation and attenuates fatty acid 
synthesis and lipolysis in adipose tissue.28,40 A key factor 
in the regulation of glucose control stems from the ability 
of AMPK to increase glucose uptake through insulin- 
independent pathways.45 Considering the multitude of tis-
sue that AMPK influences and the specific course of 
action, independent of the faulty insulin pathway observed 
in IR, AMPK is an important regulator of metabolism and 
a possible target for the treatment of T2DM.

When considering the pathophysiology of T2DM mul-
tiple factors need to be recognized to distinguish the state 
of disease. Additionally, to understand the effects that 
a modality, which in the case of this review is exercise 
or metformin or a combination of the two, has on T2DM, 
metabolic parameters such as glucose control, insulin sen-
sitivity, AMPK activity, as well as changes in body com-
position and exercise capacity need to be acknowledged.

Exercise
It is widely understood that exercise induces metabolic 
changes that have a positive effect on T2DM (Figure 2). 
With exercise, an augmented uptake and oxidation of glu-
cose and fatty acids by active tissue seems to have 
a favorable effect on IR.41,45–48 Fatty acid and glucose 
uptake are facilitated predominantly by increased transloca-
tion of transmembrane proteins FAT/CD36 and GLUT4 in 
skeletal muscle.41 It has been observed that during exercise, 
regulation of fat and glucose uptake via previously men-
tioned transporters, is through an insulin-independent path-
way, following the activation of AMPK.40,41,45,46 

Additionally, chronic exercise leads to a long-term upregu-
lation of muscle mitochondrial content and enzymes, as 
well as the ability for greater fatty acid and glucose 

Figure 1 Tissue-specific effects of AMPK. 
Notes: Activation of AMPK promotes energy-producing pathways while terminating the processes that require energy input. In skeletal muscle, AMPK leads to an increase 
in glucose and fatty acid oxidation, while chronic activation promotes mitochondrial biogenesis. In addition to AMPK-induced increase in glucose uptake and fatty acid 
oxidation, a decrease in gluconeogenesis and fatty acid and cholesterol synthesis is observed in hepatocytes. Finally, AMPK leads to an increase in fatty acid oxidation and 
attenuation of fatty acid synthesis and lipolysis. Created with BioRender.com. 
Abbreviation: AMPK, adenosine monophosphate-activated protein kinase.
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uptake.41 While both insulin and exercise increase glucose 
uptake, according to Hayashi and colleagues,45 the mechan-
ism by which insulin and exercise increase GLUT4 translo-
cation to the surface of the cell differs. Further, Krook and 
colleagues47 demonstrated an impaired insulin signaling 
transduction in the skeletal muscle of the T2DM patient at 
the level of IRS-1, subsequently depressing PI 3-kinase 
activity and overall glucose transport. While the impairment 
in insulin-stimulated glucose uptake was observed in T2DM 
and overweight patients, exercise-induced glucose uptake 
was normal and unaffected by T2DM,48 which is why 
exercise is a highly recommended treatment agent in 
T2DM. The favorable effect of exercise on glucose regula-
tion is attributed mostly to the activation of AMPK via the 
increase in AMP-to-ATP and ADP-to-ATP ratios.49,50 An 
increase in AMPK during exercise was demonstrated to 
lead to a significant increase in glucose and fatty acid 
uptake during and following exercise.46 In addition to 
acute changes in glucose and fatty acid uptake, chronic 
endurance exercise leads to an improved insulin sensitivity 
associated with the greater basal activity of AMPK.41,51–53 

While mechanisms of AMPK activation and effects on 
metabolism are not completely demonstrated in T2DM, 
benefits of AMPK activation in T2DM can be associated 
with an augmented substrate (ie, glucose and fatty acid) 
uptake and oxidation in active tissue, subsequently promot-
ing glucose homeostasis. Higher activation of AMPK leads 

to increased insulin-stimulated muscle glucose uptake and 
insulin sensitivity at rest following the acute bout of 
exercise.42 Additionally, insulin sensitivity and glucose 
uptake seem to be improved due to the increase in 
GLUT4 content. Following exercise, there is an increase 
in skeletal muscle GLUT4 transcription via PGC-1α- 
dependent pathway, and this notion has been demonstrated 
in cultured myotubes and animal models.54,55 This greater 
ability for glucose transport, due to the upregulation of 
GLUT4 content and transcription, allows for augmented 
insulin-stimulated glucose clearance at rest. By enhancing 
insulin sensitivity and improving glycemic control, exercise 
positively affects IR and is an indispensable asset for the 
management of T2DM. While exercise leads to an array of 
positive changes, improvements in glycemic control can be 
largely attributed to an augmented AMPK activation.

In addition to increased glucose uptake, the activation 
of AMPK leads to increased long-chain fatty acid uptake 
and oxidation during and following an acute bout of exer-
cise; while increased mitochondrial biogenesis and enzy-
matic content were observed after following an exercise 
program.41,43,46 AMPK increases the translocation of FAT/ 
CD36 which as a regulator of fatty acid influx into the cell 
allows for a greater fatty acid oxidation.40,41,43,46,56 Such 
changes in mitochondrial content and increased fatty acid 
oxidation have the potential to attenuate IR resulting from 
the accumulation of FFA intermediates (lipotoxicity) and 

Figure 2 Exercise-induced activation of AMPK, and downstream regulation of skeletal muscle metabolism. 
Notes: Exercise-induced low-energy state leads to an upregulation of AMPK and subsequent increase in glucose and fatty acid uptake and oxidation. Additionally, chronic 
exercise leads to increase in mitochondrial biogenesis and mitochondrial enzymatic content. Created with BioRender.com. 
Abbreviations: AMP, adenosine monophosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; AMPK, adenosine monophosphate-activated protein kinase.
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improve symptoms of T2DM. Additionally, by increasing 
the mitochondrial content, chronic training leads to 
improved exercise capacity that is inversely correlated 
with IR, making exercise a valuable treatment for IR and 
T2DM.

Metformin
Metformin belongs to the biguanide family of drugs with 
insulin-sensitizing properties. While mechanisms of its 
action are not fully understood, metformin has been and 
still is a preferred national and international glucose- 
lowering and insulin-sensitizing pharmacological agent 
for the treatment of T2DM.57 It has been shown that 
T2DM patients have increased hepatic glucose output at 
baseline that is decreased by approximately 75% after 
taking metformin.58 The primary effects of metformin lie 
in the decreased hepatic glucose production, while in the 
tracer studies, it has been observed that there is a minimal 
impact of this drug on peripheral insulin-mediated glucose 
uptake.59 An AMPK associated action of metformin is 
associated with the ability of metformin to decrease the 
ATP production in mitochondria.60 According to Owen 
and colleagues,60 and El-Mir et al,61 metformin readily 
diffuses into the mitochondria to increase its concentration 
by 1000-fold when compared to the extracellular environ-
ment and leads to inhibition of complex 1 of the respira-
tory chain. Such effects result in suppressed ATP 
production, and as consequence increased AMP-to-ATP 
and ADP-to-ATP ratios which are primary signals for the 
activation of AMPK.49,50 By activation of AMPK as 
a metabolic regulator there is an increase in nutrient break-
down and decreased hepatic gluconeogenesis, resulting in 
ameliorated glucose disposal. In addition to increased 
AMPK activity, a metformin mediated increase in relative 
levels of AMP was observed to inhibit fructose 1, 6 
bisphosphatase and reduce cyclic AMP (cAMP) leading 
to reduced expression of hepatic gluconeogenic 
enzymes,62 lowering the endogenous glucose production. 
While the latter two effects are mediated via an AMPK 
independent pathway, it has been proposed that the activa-
tion of cAMP could be mediated directly by AMPK phos-
phorylation of cAMP following the metformin 
administration, as well.63 In addition to a decrease in 
endogenous glucose production via AMPK dependent 
and independent pathways, metformin was recently 
observed to reduce gastrointestinal glucose uptake and 
increase glucagon-like peptide (GLP-1) secretion.59 

Similarly, GLP-1, when secreted promotes satiety, stimu-
lates insulin secretion, inhibits gastric emptying in 
response to food consumption, and was reported to 
increase with moderate and high-intensity exercise in 
both overweight and obese subjects, as well.64 This effect 
suggests a protective role of both metformin and exercise 
against GLP-1 resistance associated with T2DM 
pathophysiology.65

Although seemingly different methods, metformin, and 
exercise elicit a similar physiological effect via the same 
energy-sensing enzyme. In both cases, AMPK and 
changes in energy availability (ie, AMP-to-ATP ratio) 
can be seen as factors leading to a decrease in endogenous 
glucose production, an increase in glucose uptake, and 
overall a decrease in blood glucose concentration. The 
main difference between metformin and exercise is in 
the method of increasing the AMP-to-ATP ratio, subse-
quently influencing the AMPK. In the case of metformin, 
inhibition of complex 1 of the electron transport chain 
simulates a low-energy state without an existent increase 
in energy demand, while in the case of exercise, demand 
for a greater energy output to accommodate an increasing 
workload, drives AMPK activation. In addition to AMPK 
regulated changes, an increase in GLP-1, and decreased 
net glucose uptake in GI, which is observed in acute 
exercise and metformin, seem to favor the cooperative 
action of these two modalities. With such common factors, 
it is reasonable to assume that these two modalities will 
have a synergistic effect when taken together. However, 
although this notion seems plausible, research on this 
topic is still unclear, with inconclusive and mixed 
results.14–27

Exercise and Metformin Interaction
Insulin-stimulated glucose uptake can be increased for 3– 
72h following a single exercise bout.66,67 Mechanisms by 
which exercise increases insulin-stimulated glucose dispo-
sal are often associated with increased muscle blood flow, 
decreased muscle glycogen, and an increase in enzymes 
responsible for nonoxidative glucose disposal.68–70 In 
addition to those, in recent years, an increase in AMPK 
has been implicated as an important mediator of postex-
ercise insulin sensitivity.52,53,71 Similarly, as previously 
described, metformin shares AMPK as a common target 
for glucose regulation, but the combination of these two 
modalities seems to be unclear and potentially conflicting 
(Table 1).14–27
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Insulin Sensitivity and Glucose Control
Sharoff et al14 found that insulin-resistant subjects who 
performed 30 minutes of exercise at 65% peak oxygen 
uptake (VO2max) followed by 10 minutes of exercise at 
85% VO2max had a 52% increase in insulin sensitivity. On 
the contrary, participants who have been taking 2000 mg/ 
day of metformin for 2 weeks before the exercise bout had 
no insulin sensitivity change, suggesting that metformin 
abolished the insulin-sensitizing effects of exercise. In 
addition to decreased insulin sensitivity, taking metformin 
resulted in a ~10-fold decrease in muscle AMPK activity 
when compared to the exercise alone. A decrease in 
AMPK activity that has been observed by Sharoff and 
colleagues14 does not match the finding of Kristensen et -
al24 who observed no significant difference in muscle 
AMPK activity following exercise with or without metfor-
min. The potential discrepancy between the studies might 
be due to the difference in duration of metformin treatment 
and characteristics of participants and exercise. Although 
Kristensen et al24 reported that acute and short-term met-
formin “loading” resulted in high plasma and muscle met-
formin concentrations, prolonged metformin treatment in 
the study by Sharoff and colleagues14 could have resulted 
in a superior metformin availability.72 Additionally, inter-
subject variation in metformin absorption rates could 
affect metformin availability following an acute metformin 
administration, resulting in a lower AMPK activation.72 

Between the studies, there was a large discrepancy in the 
participants’ aerobic capacity and metabolic status, as 
well. Healthy, moderately trained men in the study by 
Kristensen et al24 had considerably (~50%) higher 
VO2max when compared to the insulin-resistant subjects 
(VO2max, 26.8±2.6 mL·kg−1·min−1) in the study by 
Sharoff et al.14 Further, more dynamic exercise and greater 
muscle recruitment during cycling at moderate and high 
intensities could have elicited a higher energetic stress and 
molecular signaling response when compared to a single- 
leg knee extensor exercise. This exercise discrepancy is 
further accentuated when the inconsistencies in aerobic 
capacity and metabolic state are taken into the account. 
With higher fitness levels and presumably lower exercise 
demand, participants in the ladder study potentially had 
a lesser relative stimulus that would result in the lower 
AMPK activation. Finally, while not significant, there was 
a discrepancy in baseline AMPK activity between groups 
in the study by Sharoff et al14 with higher baseline AMPK 
observed in the metformin compared to the placebo group. 
The discrepancy between the baseline AMPK activity 

could inflate the difference between the AMPK activity 
within the exercise-only group influencing the magnitude 
of the effect that the author observed when two groups 
were compared.

With chronic metformin therapy, Walton et al25 

reported a non-significant 21.3% increase in basal phos-
phorylated AMPK to total AMPK ratio. On the contrary, 
Konopka et al20 showed a trend but not significant 
decrease in basal AMPK following 12 weeks of aerobic 
exercise training, in metformin naïve older adults at risk of 
T2DM. Both authors failed to observe the expected 
increase in AMPK following the hindrance of amplified 
mitochondrial respiration during exercise, suggesting that 
chronic metformin treatment does not significantly alter 
the effects of exercise on AMPK levels, regardless of the 
exercise mode. Although there was no difference in base-
line AMPK, Konopka and colleagues20 reported that the 
addition of metformin attenuated the improvements in 
skeletal muscle mitochondrial respiration. Considering 
the importance of mitochondrial capacity in IR, this effect 
of metformin should be taken into consideration when 
prescribing the combined treatment. Finally, Konopka et -
al20 reported an attenuated improvement in whole-body 
insulin sensitivity when metformin was added to aerobic 
exercise training. On the contrary, Walton et al25 reported 
that 12 weeks of resistance exercise combined with met-
formin did not differ from the exercise alone when it 
comes to the improvements in insulin sensitivity. 
A discrepancy in the findings, as suggested by Walton 
et al25 might be due to different mechanisms that resis-
tance and aerobic exercise use to improve insulin sensitiv-
ity. Further, considering these findings, specific effects of 
metformin may have a greater negative impact on aerobic 
exercise, when compared to resistance or combination 
training. In the study by Malin and colleagues,15 improve-
ment in insulin sensitivity following 12 weeks of com-
bined aerobic and resistance exercise, was not significantly 
different regardless of metformin treatment. Metformin 
naïve subjects with impaired glucose tolerance were 
assigned to placebo, metformin, exercise and metformin, 
and exercise with placebo. Following the 12 weeks of 60– 
70min of combined moderate-intensity aerobic and resis-
tance program three times a week and/or 2000 mg of 
metformin daily, Malin and colleagues15 observed no addi-
tional benefits of metformin added to exercise. Finally, the 
combination of metformin and exercise attenuated the 
improvements in peak aerobic capacity that was positively 
correlated with the improvements in insulin sensitivity, 
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extending the unfavorable effect of metformin to other 
metabolic processes. A similar effect of metformin on 
peak aerobic capacity was reported in the study by Boule 
et al26 following 22 weeks of combined aerobic and resis-
tance training. Regardless of metformin, a combination of 
aerobic and resistance training was effective in reducing 
glycated hemoglobin. Further, a combination of metformin 
and combined training led to improvements in fasting 
blood glucose, but this effect was not the case when 
metformin was withheld. It is important to note that in 
the studies that incorporated the resistance training, the 
addition of metformin did not attenuate the improvements 
in glycemic control as opposed to the aerobic training only 
in the study by Konopka et al.20 Further, participants in the 
study by Konopka et al20 and Malin et al15 had a decrease 
in peak aerobic capacity following 12 weeks of combined 
treatment; however, only participants who performed aero-
bic training in combination with metformin had an attenu-
ated improvement in insulin sensitivity when compared to 
exercise when metformin was withheld. Walton et al25 

observed that metformin inhibited the decrease in type 1 
fiber frequency following a resistance program. Such an 
effect could preserve the improvements in insulin sensi-
tivity considering the importance of type 1 fibers in glu-
cose control.73 By preserving type 1 fiber content, it is 
possible that detriments in peripheral insulin sensitivity 
correlated to a lower mitochondrial capacity are mitigated. 
Collectively, the aforementioned studies suggest that detri-
mental effects of combined treatment might not be 
restricted to the lack of improvements in AMPK, and 
might elicit such effects via other metabolic adaptations.

In the study by Pilmark et al23 glucose intolerant, 
metformin naïve subjects were given either metformin or 
placebo for 3 weeks after which they engaged in the 12 
weeks of aerobic interval training in combination with 
metformin or placebo. A mixed meal tolerance test was 
performed at baseline, after medication or placebo only, 
and following the combination of treatments. Pilmark and 
colleagues23 reported no additional benefits when metfor-
min was combined with exercise for 12 weeks. Further, the 
time and treatment-specific effects of metformin and exer-
cise on the postprandial glucose were observed. The 
author found that in the metformin-treated group, the 
entire improvement in postprandial glucose occurred as 
a result of medication, with no additional improvement 
following exercise training. Inversely, in the exercise- 
only group, a significant reduction was observed only 
after the training program. Considering that both groups 

had a similar improvement from the baseline to the post- 
exercise regimen, it can be rationalized that improvements 
in glycemic control can be achieved with exercise alone, 
regardless of metformin therapy.

Considering both acute and long-term studies, it seems 
that the combination of metformin and exercise might not 
be superior to the exercise alone for the metformin naïve 
subjects. On contrary to the findings in metformin naïve 
subjects, T2DM patients treated with metformin who par-
ticipated in the exercise program had a significant 
improvement in insulin sensitivity, measured by fasting 
blood glucose, homeostasis model assessment of IR, and 
glycated hemoglobin.21 According to Abdelbasset,21 

patients following 12 weeks of moderate-intensity resis-
tance training had significantly greater improvements than 
patients in moderate aerobic training or metformin group. 
Although the resistance program was advantageous in 
improving insulin sensitivity, both types of exercise were 
effective in controlling T2DM.21 Considering the lack of 
a placebo group in this study, it is not possible to compare 
the effects of combined treatment to exercise alone, but it 
is worth noting that the addition of exercise to metformin- 
habituated patients resulted in improvements in insulin 
sensitivity and aerobic capacity, following a resistance 
program.

Metformin naïve, type 2 diabetic patients, who com-
pleted a single exercise bout after 4 weeks of 2000 mg of 
metformin daily, had a greater glycemic response to 
a mixed meal when compared to the same trial without 
metformin.16 Comparable effect was observed by Myette- 
Côté et al17 who failed to observe the improvements in 
glucose-lowering effects of exercise when an acute bout of 
aerobic training was added to metformin-treated T2DM 
patients. In this study, Myette-Côté and associates showed 
that a combination of exercise and metformin resulted in 
a significantly higher 2-hour postprandial glucose area 
under the curve, across multiple meals. This effect was 
observed even if participants skipped their habitual morn-
ing or evening dose.17 Although independently metformin 
and exercise have similar effects on glucose tolerance, the 
combination of the two is not always favorable, regardless 
of the duration of metformin treatment. Takao et al74 

demonstrated the direct relationship between increased 
postprandial hyperglycemia and risk for the development 
of CVD. The aforementioned negative effect that metfor-
min can have on postprandial glucose regulation leads to 
the mitigation of the positive effects that exercise has on 
lowering the risk for CVD. This suggests a potentially 
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contradictory rather than synergistic effect when the two 
treatments are combined, which is why future studies 
should focus on elucidating the mechanism of interaction 
of the two treatments.

On contrary to Boulé et al16 and Myette-Côté et al,17 

Ortega et al18,19 reported significant difference and 
improvement in glucose area under the curve and percen-
tage of hyperglycemic peaks when metformin was com-
bined with exercise. Further, Ortega et al18,19 reported 
greater insulin sensitivity as measured by homeostasis 
model assessment of IR and intravenous glucose tolerance 
test, as well as greater glucose disappearance rate when 
exercise was paired with metformin. The possible disparity 
in the effects could be attributed to the exercise intensity 
difference, where Ortega et al18,19 used 4 bouts of 4 
minutes at 90% of maximal heart rate (HRmax) inter-
spersed by 3 minutes of cycling at 70% HRmax, while 
Myette-Côté et al17 implemented a moderate-intensity 
walking at 85% ventilatory threshold for 50 minutes. The 
positive effect of metformin in combination with exercise 
in the two studies by Ortega and colleagues18,19 suggests 
that exercise intensity and volume could play a role in the 
interplay of the two treatments, which was further sup-
ported by Winding et al.22 Winding and colleagues 
observed a greater improvement in glycemic control in 
a high-intensity interval training group despite a ~45% 
lower training volume when compared to an endurance 
training group, in metformin-treated subjects. 
Additionally, metformin-treated type 2 diabetic patients 
had a greater reduction in blood glucose during exercise 
and 50 minutes of the recovery period following high- 
intensity interval training but not moderate-intensity con-
tinuous training, in the study by Mendes et al.27 Further, 
Ortega et al18 showed an energy expenditure of ~300 kcal, 
which was like the endurance but significantly higher than 
the interval training group in the study by Winding et al.22 

Considering the exercise intensity, and subsequently, the 
energy expenditure discrepancy, future studies should aim 
to elucidate the potential energy expenditure and exercise 
intensity threshold which could influence the interaction of 
metformin and exercise and mitigate improvements in 
glucose control. By performing exercise at a higher inten-
sity, Ortega et al18 observed a higher carbohydrate utiliza-
tion which could result in greater glucose clearance which 
would appear as a lack of significant change in glucose 
levels between metformin combined with exercise and in 
the exercise-only group. A similar pattern was observed by 
Winding et al22 who reported a greater glucose clearance 

during high-intensity interval training when compared to 
endurance training.

Considering the lack of consistency between exercise 
characteristics, authors exploring the interaction of two 
treatments should adjust exercise profiles to allow for 
comparison between studies. Potential interference 
between exercise modalities could be at the level of the 
mitochondrial electron transport chain, where exercise- 
induced energy demand is not met due to the complex 1 
inhibition by metformin, resulting in a lower ATP output. 
Additionally, inferior energy production could lead to an 
earlier onset of fatigue, due to the accumulation of inor-
ganic phosphate (Pi) and free hydrogen ions (H+), as well 
as an overall decrease in pH.41 While metformin utilizes 
disruption of energy production to stimulate the energy- 
sensing enzyme AMPK, and this mechanism is depicted as 
valuable in maintaining glucose homeostasis at rest, it 
seems that such changes in energy availability can be 
disadvantageous to exercise-induced benefits to glucose 
regulation and exercise capacity. Additionally, different 
modes of exercise and the specific mechanism by which 
they elicit changes in glucose control should be described 
to address the inconsistency between the effects of resis-
tance and aerobic exercise. Finally, it is important to note 
and further explore the habituation response to metformin, 
considering the diverse outcomes that combined treatment 
elicits in metformin habituated and metformin naïve 
subjects.

Effects of Metformin on Exercise, and Exercise 
Adaptations
While it is important to address the effects of metformin on 
glycemic control and insulin sensitivity, it is critical not to 
overlook the effects of metformin on exercise capacity and 
adaptations.14,15,20,23–26,75,76 In particular, the addition of 
metformin to exercise seems to affect the rate of perceived 
exertion (RPE), respiratory exchange ratio (RER), heart rate 
(HR), and VO2max during an exercise session as well as an 
effect on body composition and peak aerobic capacity fol-
lowing an exercise program.14,15,20,23–26,75,76 In the study by 
Paul et al75 after 6 weeks of 1000mg of metformin daily, 
subjects newly diagnosed with metabolic syndrome had 
a significant, 22% reduction in relative VO2max during 
a cardiopulmonary exercise test. A similar effect was 
observed by Malin et al15 and Konopka et al20 in patients 
with impaired glucose control following 12 weeks of com-
bination or aerobic training. On contrary, lower improve-
ment in aerobic capacity when the treatments are combined 
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was not supported by Pilmark et al.23 Additionally, while 
a significant decrease in aerobic capacity was not observed 
in the meta-analysis by Das and colleagues,76 a significant 
increase in HR was observed in patients (metabolic syn-
drome, IR, and T2DM) treated with metformin. Further, the 
author in this meta-analysis reported a decrease in RER and 
an increase in RPE in the overall population but failed to 
find any significant effects of metformin in T2DM patients 
and those with IR. Considering the discrepancy in duration 
of metformin treatment, the difference in RER and RPE 
between healthy and subjects with T2DM could be due to 
habituation of patients to the effects of metformin, which is 
why this effect is diminished in patients. Further, greater 
RPE and lower RER in the overall population that was 
reported by Das et al76 could mean a lowering of exercise 
intensity for new patients starting their metformin therapy 
and shift towards low to moderate, rather than high- 
intensity exercise. According to De Nardi et al77 high- 
intensity exercise provided greater benefits to the functional 
capacity in patients with T2DM when compared to moder-
ate-intensity exercise. Additionally, lowering the exercise 
intensity could result in attenuated AMPK activity, glucose 
clearance, and improvements in insulin sensitivity during 
acute exercise. Sharoff et al14 reported lower AMPK activ-
ity and content following an acute bout of exercise in 
metformin habituated insulin-resistant subjects, even with-
out a significant increase in RPE and HR. This would 
suggest that a significant increase in RPE and HR, as 
reported in the meta-analysis by Das et al76 can reduce 
the exercise intensity, and lower the benefits of high- 
intensity exercise training. Additionally, chronic attenuation 
of AMPK activity could lead to lower mitochondrial 
capacity,78 and VO2max,77 and lower skeletal muscle fatty 
acid metabolism which is often associated with lipotoxicity 
leading to IR.79 Such effect of metformin was demonstrated 
in the study by Boule et al26 where metformin non- 
metformin users had twice as large improvements in 
VO2max when compared to the metformin-treated patients 
with type 2 diabetes. Further, the effect of metformin on 
AMPK could reduce the adaptations in mitochondrial capa-
city and VO2max, and was observed by Konopka and 
colleagues.20 Interestingly, in the study by Konopka et al20 

an addition of metformin to aerobic exercise training atte-
nuated the increase in VO2max by approximately 50% 
following 12 weeks of aerobic exercise training, even with-
out a significant reduction of basal AMPK.20 Potential 
explanation for the lack of the significant difference in 
muscle AMPK levels between metformin and placebo 

group could be due to the transient nature of AMPK, and 
timing (~48 hours after last exercise bout) of the skeletal 
muscle biopsies in the study. If taken together, Konopka 
et al20 and Sharoff et al14 suggest that although there is no 
difference in the basal AMPK, the decrease in AMPK 
activity during, and immediately following the exercise, as 
observed by Sharoff and colleagues,14 might play a role 
when it comes to long term aerobic capacity adaptations. 
Considering that VO2max has an inverse relationship with 
all-cause mortality, the negative effect that metformin can 
have on exercise adaptations can result in the progression of 
the existing metabolic disease and potentially increase the 
risk for the development of other comorbidities.

In addition to the reduced improvements of aerobic 
capacity, studies by Walton et al25 and Malin et al15 

show a lack of improvement in total lean mass when 
metformin is combined with either progressive resistance 
training or a combination of resistance and aerobic train-
ing. Taking into account the nature of T2DM and the 
central role of skeletal muscle in mediating the adverse 
effects of IR, the addition of metformin to the resistance 
training needs to be reconsidered and further explored.

Additionally, Walton et al25 reported inhibition of mus-
cle mass and strength gains following the progressive 
resistance training program. This lower response to resis-
tance training was consistent with an increase in AMPK, 
a mTORC1 inhibitory kinase activation.25 Considering the 
importance of skeletal muscle in glucose homeostasis, 
future studies should focus on the effects of different 
types of exercise and provide an insight into the relation-
ship between AMPK activation and potential attenuation 
of muscle hypertrophy as a result of mTORC1 inhibition.

Considering the above-described effects of combined 
treatment in comparison with exercise training only, future 
studies should focus on the timing of dose administration 
and the combination of specific, potentially lower, dose 
metformin treatment and exercise. Considering that high- 
intensity exercise effects were not decreased by a high 
metformin dose, there is a potential that lowering the 
dose of metformin could lower the negative effects met-
formin has on lower and moderate-intensity exercise. 
Potentially, understanding of metformin dose and exercise 
intensity, as well as the energy expenditure threshold, 
could contribute to the development of a dose/response 
model, allowing for better adjustment of the prescription. 
Albeit different exercise prescriptions in the described 
studies are valuable for understanding the effects of met-
formin across multiple training modes, synchronization of 
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methodologies is encouraged to allow for comparison 
between the studies. Finally, based on the differential 
effects of metformin on resistance and aerobic training, 
understanding the difference in mechanisms by which 
these modalities affect glucose control is crucial.

Conclusion
Lifestyle, lack of exercise, poor diet were shown to lead to 
the dysregulation of glucose homeostasis and the develop-
ment of IR. State of hyperinsulinemia, hyperglycemia and 
elevated FFA blood levels seem to be the symptoms com-
monly observed in patients suffering from T2DM. To 
alleviate some of the detrimental effects that the pathophy-
siology of T2DM has on patients, and to undermine the 
increased risk for the development of other cardiometa-
bolic diseases, metformin and exercise are most commonly 
prescribed. While these treatments have similar targets 
through which they act, in recent years, research has 
shown the lack of synergistic effect of the two. Albeit, 
independently, these modalities deem beneficial in treating 
T2DM, the combination of metformin and exercise seems 
not to be advantageous, and potentially unfavorable when 
compared to the exercise alone.14–27 Based on the varied 
and inconsistent outcomes of the studies14–27 discussed in 
this review, the combined effect of these two modalities 
requires further investigation. On the contrary, authors 
have observed the negative effect of the combination of 
two modalities resulting in lower RER, HR, VO2max, and 
increase RPE during exercise. These effects result in 
a prescription of lower intensity exercise for patients suf-
fering from T2DM, depriving them of well-documented 
benefits of high-intensity exercise. Considering the differ-
ing results, future research should focus on elucidating the 
effects of timing and amount of metformin and withhold-
ing of the dose on exercise days. Understanding the rela-
tionship between the timing of metformin and exercise 
will help guide future prescriptions and help mitigate the 
less favorable outcomes that are observed when these two 
modalities are combined. Considering that studies using 
moderate-intensity exercise showed a negative effect when 
metformin was added to exercise, future research should 
focus on determining if higher exercise intensities lower 
the negative effect of the combined treatment. 
Additionally, future research should strive to elucidate if 
there is a relationship between the dosage of metformin 
and exercise intensity and/or type and determine if 
increases in metformin dosage need to be congruent with 
increases of exercise intensity. Finally, considering the 

previously reported influence of lifestyle-modification in 
the prevention of T2DM,80 and incongruency regarding 
the effects of combined treatment reported in this review, 
prescription of metformin should be reevaluated if imple-
mented together with exercise.
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