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Abstract 

Aging is a natural process, which plays a critical role in the pathogenesis of a variety of diseases, i.e., 
aging-related diseases, such as diabetes, osteoarthritis, Alzheimer disease, cardiovascular diseases, 
cancers, obesity and other metabolic abnormalities. Metformin, the most widely used antidiabetic drug, 
has been reported to delay aging and display protective effect on attenuating progression of various 
aging-related diseases by impacting key hallmark events of aging, including dysregulated nutrient sensing, 
loss of proteostasis, mitochondrial dysfunction, altered intercellular communication, telomere attrition, 
genomic instability, epigenetic alterations, stem cell exhaustion and cellular senescence. In this review, we 
provide updated information and knowledge on applications of metformin in prevention and treatment of 
aging and aging-related diseases. We focus our discussions on the roles and underlying mechanisms of 
metformin in modulating aging and treating aging-related diseases. 
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1. Introduction 
Aging is broadly defined as an irreversible and 

inevitable biological process, which is characterized 
by progressive deterioration of the social, physical 
and mental conditions of the individual organism 
with advancing chronological age, which generally 
starts after sexual maturity and ultimately results in 
morbidity [1]. From the mid-1900s, researchers have 
been debating whether aging is the cause of 
aging-related diseases, including diabetes mellitus, 
degenerative musculoskeletal diseases, cardio 
vascular diseases, neurodegenerative diseases, 
cancers and other diseases [2]. It is now widely 
believed that aging is one of the main risk factors in 
the occurrence of these diseases [3].  

Nowadays, as the average human life 
expectancy and the proportion of older people 

increase, the global financial burden of aging-related 
diseases becomes increasingly heavy, and effective 
preventive approaches and therapeutic methods are 
urgently needed. To comprehensively dissect the 
various factors in the aging process and identify 
relevant intervention targets, Lopez-Otin et al. [4] 
proposed nine tentative hallmarks, which are 
considered to contribute to the initiation and 
progression of aging and together determine the 
phenotypes of aging. The nine aging hallmarks 
include four primary hallmarks (loss of proteostasis, 
telomere attrition, genomic instability and epigenetic 
alterations), three antagonistic hallmarks (dysregu-
lated nutrient sensing, mitochondrial dysfunction and 
cellular senescence) and two integrative hallmarks 
(altered intercellular communication and stem cell 
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exhaustion). Better understanding of interplays 
among these hallmarks and their respective 
contributions to the aging process will largely help 
identify pharmacological targets for aging and 
aging-related diseases.  

Metformin (N, N-dimethylbiguanide), which 
contains two linked guanidine rings and belongs to 
the biguanide class of hypoglycemic drugs, was 
originally derived from a medicinal herb French lilac 
Galega officinalis [5]. It was first described in 
Culpeper’s Complete Herbal in 1653 that Galega 
officinalis could be used to treat worms, fever, 
pestilence, epilepsy and other ailments [6]. In 1772, 
Galega officinalis was recommended by John Hill to 
treat symptoms of diabetes [6]. In 1957, French 
physician Jean Sterne pursued this antihyperglycemic 
property and first reported the application of 
metformin in the treatment of diabetes [6]. Since then, 
metformin has been widely used in Europe to treat 
diabetes. But it was slow for metformin to get the 
approval in the United States because of the concern 
over lactic acidosis. In 1995, metformin was proven 
effective and safe in the treatment of diabetes, and 
introduced in US. At present, metformin has become 
the first-line medicine to treat type 2 diabetes (T2D). 
Recently, numerous studies using different cell lines 
and model organisms have demonstrated that 
metformin has a great potential to retard aging and 
alleviate aging-related diseases by targeting key 

molecules related to aging [7]. Moreover, a 
multicenter, randomized, double-blind, placebo- 
controlled clinical trial Targeting Aging with 
Metformin (TAME) has been initiated to further 
explore the anti-aging role of metformin [8].  

In this review, we provide up-to-date 
information and knowledge on the clinical 
applications of metformin in the prevention and 
treatment of major aging-related diseases. We review 
and discuss the roles and underlying mechanisms of 
metformin in modulation of aging hallmarks and 
treatment of aging-related diseases. 

2. Pharmacology of metformin 
2.1 Chemistry 

The structural formula of metformin is C4H11N5 
and its molecular weight is 129.16 g/mol, consisting 
of planar molecule with single protonation between 
two imino groups and two non-polar methyl groups. 
The metformin used in clinic (metformin 
hydrochloride) is synthesized from chlorinated 
dimethylamine and dicyandiamide (Figure 1), rather 
than from plants. The molecular formula of 
metformin hydrochloride is C4H11N5HCL and its 
molecular weight is 165.6 g/mol. Metformin 
hydrochloride is a white powder at room 
temperature, with a melting point of 223-226 oC, and 
its solubility in water can be as high as 200 g/L.  

 

 
Figure 1. Metformin chemistry, pharmacokinetics and side effects. Metformin contains a double salt group and is synthesized from dimethylamine chloride and 
dicyandiamide. The oral dose of metformin is 500-1000mg, and the absolute bioavailability of oral metformin hydrochloride is relatively low (about 50-60%), and its absorption 
process is mainly in the proximal intestine, including the duodenum and jejunum. The Tmax is about 2.5 hours. Its typical peak plasma concentration (Cmax) is about 2 µg/ml, and 
rarely exceeds 4 µg/ml. And the state concentration range is 0.3-1.5 µg/ml. The absorption of metformin in the gastrointestinal tract (GIT) is slow and incomplete. Metformin is 
not metabolized by the liver. Plasma protein binding is negligible and widely distributed (usual volume of distribution [Vd], 100-300l). Metformin has an elimination half-life (T1/2) 
of ~6-7h. The main way of elimination is rapid excretion through the kidneys, where 30-50% of the metformin is eliminated and remains unchanged in the urine. The most 
common side effects include gastrointestinal irritation, lactic acidosis and vitamin B12 deficiency. Adapted from Bailey et al. [6]. 
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2.2 Pharmacokinetics 
After oral administration, the absorption process 

of metformin is completed mainly in the proximal 
small intestine (duodenum and jejunum). In healthy 
people, regardless of the dose of metformin, the 
absorption process is completed within 6-10 hours 
after oral administration of metformin. And the 
absolute bioavailability of oral metformin 
hydrochloride is relatively low (about 50-60%) [9]. 
Eating reduces the degree of absorption of the drug 
and slightly delays its rate of absorption. After oral 
administration, the accumulation of metformin can be 
detected in salivary glands, intestinal cells, red blood 
cells, esophagus and kidneys, and 20-30% of 
metformin can be recovered in feces. Of note, 
metformin is not metabolized by the liver. The main 
way of elimination of metformin is through rapid 
excretion by the kidneys, where 30-50% of the 
metformin dose is eliminated and remains unchanged 
in the urine [10] (Figure 1). Therefore, the dose of 
metformin needs to be adjusted in patients with 
impaired renal function. Metformin seems to have no 
short-term adverse effects on pregnancy, but its 
long-term safety is unclear [11] . Thus, the decision to 
use metformin during pregnancy should be based on 
assessing the risks of each mother and baby, and it is 
not recommended for patients who are planning to 
become pregnant or are already pregnant to use 
metformin. Metformin can be used alone or in 
combination with other drugs. Proton pump 
inhibitors were reported to reduce the transport of 
metformin by inhibiting organic cation transporter 
(OCT) 1, OCT2 and OCT3 [12]; however, its 
implication in human body is unclear.  

2.3 Side effects 
The most common side effect of metformin is its 

gastrointestinal irritation, which causes flatulence, 
diarrhea, nausea, vomiting, and cramps. These 
symptoms are most common when metformin is used 
for the first time or when the dose is high. This 
discomfort can be usually avoided by starting with a 
low dose and gradually increasing the dose or using 
sustained-release formulations. The most serious 
adverse effect of metformin is lactic acidosis. This 
complication is rare and the vast majority of cases 
seem to be related to liver and kidney damage, rather 
than metformin itself [13]. In addition, it has been 
reported that high-dose and prolonged use of 
metformin increases the incidence of vitamin B12 
deficiency [14]. Therefore, it is helpful to screen 
patients taking metformin for vitamin B12 deficiency. 
Although high-dose administration of metformin can 
cause a series of side effects, results from studies in 
cultured cells treated with high concentration of 

metformin are interesting. For example, Virtanen et al 
[15] showed that 600 µg/mL metformin significantly 
inhibited angiogenesis, while 5 or 50 µg/mL 
metformin had no effect. In line with it, Dallaglio et al 
[16] revealed that 10 mM (about 1290 µg/mL) 
metformin, which greatly exceeds the concentration in 
vivo, had an antiangiogenic effect in endothelial and 
tumor cells. These results suggest that high-dose 
administration of metformin may be beneficial for 
antiangiogenic therapy for diseases, such as cancer.  

3. Clinical applications 
In addition to diabetes mellitus, metformin has 

been proved to be effective for aging-related diseases, 
such as degenerative skeletal diseases, cardiovascular 
diseases, neurodegenerative diseases, tumors, obesity 
and other metabolic abnormalities (Table 1). 

3.1 Aging and lifespan  
Since 2015, the World Health Organization has 

officially recognized aging as a disease, which greatly 
stimulates the research on aging and aging-related 
diseases as well as the development of relevant 
therapeutic strategies. Several epidemiological studies 
demonstrated that metformin reduced the incidence 
of multiple age-related diseases as well as all-cause 
mortality. Importantly, this phenomenon was 
observed not only in diabetic patients but also in 
non-diabetic patients [17, 18]. Result from a 
randomized, double-blind, placebo-controlled, 
crossover trial revealed that metformin had both 
metabolic and non-metabolic effects associated with 
aging in the elderly, providing evidence for the 
anti-aging effect of metformin [19]. This notion is 
further supported from results from preclinical 
studies showing that metformin could extend the 
lifespan of C. elegans, an invertebrate, and mice [20, 
21]. 

3.2 Diabetes mellitus  
The prevalence of diabetes, especially T2D, 

increases with the age. Furthermore, individuals with 
diabetes are more likely to develop other age-related 
comorbidities, such as mild cognitive impairment, 
Alzheimer's disease, cardiovascular disease, 
osteoporosis, visual impairment, and renal 
dysfunction, suggesting that diabetes itself may 
represent a pro-aging state [22]. As the most widely 
used T2D drug in the world, metformin has been used 
in clinical practice for more than 50 years. A large 
number of studies and clinical trials demonstrate that 
metformin alone or in combination with other 
hypoglycemic drugs is effective in the treatment of 
T2D. In 1991, Hermann and coworkers reported that 
metformin restored the fasting blood glucose (FBG) of 
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patients with non-insulin-dependent diabetes 
mellitus (NIDDM) [23]. In a 1995 study by Ra 
DeFronzo, metformin monotherapy was shown to 
improve blood glucose control and lipid 
concentration in patients with NIDDM [24]. The same 
group further reported that metformin reduced 
fasting blood glucose and glycosylated hemoglobin in 
a dose-dependent manner. In recent years, cumulative 
evidence suggests that the effect of combination of 
metformin with other drugs is better than that of 
metformin used alone. Drugs that are used in 
combination with metformin include glibenclamide, 
troglitazone, insulin, dipeptidyl peptidase 4 (DPP4) 
inhibitors, sodium-dependent glucose transporters 2 
(SGLT2) inhibitors and Glucagon-like peptide 1 
(GLP1) receptor agonists. For example, the 
combination of metformin and glibenclamide 
displayed a better effect on reducing the level of blood 
glucose than that when it was used alone [25]. 
Similarly, the combined use of metformin and 
troglitazone reduced the production of endogenous 
glucose while increasing the excretion of peripheral 
glucose, thereby better controlling the blood sugar 
level of T2D patients [26]. Furthermore, adding 
metformin to insulin therapy was reported to better 
control the blood sugar level [27].  

3.3 Degenerative skeletal diseases 
Osteoporosis (OP), osteoarthritis (OA) and 

intervertebral disc degeneration (IVDD) are major 
degenerative skeletal diseases, which are all related to 
aging. Increasing evidence suggests that metformin 

plays a beneficial role in treatment of degenerative 
skeletal diseases (Figure 2).  

OP is an important metabolic bone disease, 
which is associated with diabetes. Clinical cohort 
studies showed that metformin treatment was 
associated with a lower rate of OP and a lower risk of 
fracture in diabetic patients compared with those who 
did not receive metformin treatment [28, 29]. Result 
from a phase II clinical study showed that metformin 
improved bone metabolism caused by glucocorticoid 
overexposure through inhibition of bone resorption 
and stimulation of bone formation in trabecular bone 
[30].  

OA is the main cause of severe joint pain, 
physical disability and impaired quality of life in the 
aging population. Age-related cell senescence and 
increased expression of inflammatory mediators are 
two important contributors to OA development and 
progression. The body weight reducing effect of 
metformin might indirectly improve the effect of 
obesity on OA [31]. Metformin displayed a beneficial 
effect on long-term knee outcomes in obese patients 
with knee joint OA [32]. Moreover, preclinical 
evidence shows that metformin plays a role in the 
treatment of OA due to its anti-inflammatory and 
skeletal regulatory effects [33, 34]. Animal studies 
showed that metformin protected articular cartilage 
by activating AMPK pathway, delayed the onset and 
progression of OA and reduced OA-related pain 
sensitivity in injury-induced OA models in mice and 
in primates [35, 36]. 

 

 
Figure 2. The effect of metformin in the treatment of musculoskeletal diseases. Metformin plays an important role in the treatment of musculoskeletal diseases such 
as osteoarthritis (OA), osteoporosis (OP), intervertebral disc degeneration (IVDD), periodontitis (PD), ankylosing spondylitis (AS), rheumatoid arthritis (RA), osteosarcoma 
(OS) by inhibiting the effect of inflammatory response, cartilage degeneration, mechanical hyperalgesia, cellular senescence, osteoclastic activity, oxidative stress, fibroblast 
ossification, cellular proliferation and migration, reducing body weight or improving osteogenic activity. 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2726 

Table 1. Preclinical and clinical results of metformin in targeting aging and aging-related diseases. 

Aging and aging-related diseases Preclinical and clinical results 
Aging and lifespan Regulate the metabolism of HEK293T through lysosomal pathway [20]; Extend the lifespan of C. elegans and mice [20, 21]; 

Reduce all-cause mortality [17-19]. 
Diabetes mellitus Change the redox state of liver cells and reduce hepatic gluconeogenesis [93]; Reduce blood glucose in mice [92]; Improve 

blood glucose control and lipid concentration in patients with non-insulin-dependent diabetes mellitus (NIDDM) [24, 181]. 
Degenerative 
musculoskeletal 
diseases 

Osteoporosis Enhance the differentiation and mineralization of osteoblast and inhibits osteoclast differentiation, prevent bone loss in 
ovariectomized rats [182, 183]; Metformin is associated with a lower risk of fracture [28, 29]. 

 Osteoarthritis Inhibit the expression of inflammatory factors, matrix metalloproteinases and hypertrophy markers in chondrocytes through 
bone marrow stromal stem cells in co-culture model [33, 36]; Delay the progression of osteoarthritis and reduce pain in 
primate and mice with osteoarthritis [35, 36]; Protect joint by anti-inflammatory, regulating skeleton and reducing weight [31, 
33, 34]. 

 Intervertebral disc 
degeneration 

Protect nucleus pulposus cells against apoptosis and senescence or exert an anti-inflammatory effect; Reduce local 
mechanical hyperalgesia in the nucleus pulposus and annulus fibrosus [39, 40]. 

 Other bone disorders Increase glycolytic activity and decrease the expression of inflammatory factors primary synovial fibroblast [43]; Decrease the 
inflammatory response, oxidative stress and bone loss in ligature-induced periodontitis in rats [44]; Prevents against 
oxidative stress-induced senescence in human periodontal ligament cells [45]; Inhibit the ossification and inflammation of 
ankylosing spondylitis fibroblasts [46]; Inhibit the proliferation and metastasis of osteosarcoma cells [47]. 

Cardiovascular 
disease 

Coronary heart disease Protect hyperglycemia-induced endothelial impairment [184]; Reduce coronary endothelial dysfunction and early 
progression of coronary plaque [49, 51]. 

 Heart failure Reduce myocardial oxygen consumption and left ventricular mass index, left ventricular mass, office systolic blood pressure 
and oxidative stress in patients [53-56]. 

 Heart attack combined with 
pulmonary hypertension 

Benefit rats in a rodent model of metabolic syndrome and pulmonary hypertension associated with heart failure with 
preserved ejection fraction [55, 56]. 

Neurodegenerat
ive diseases 

Alzheimer's disease Prevent patients from Alzheimer's disease[60, 61] or increase the risk of it [62, 63]. 

 Huntington's disease Rescue the motor and neuropsychiatric phenotypes of Huntington's disease in zQ175 knock-in mouse [185]. 
 Parkinson's disease Reduce the risk of Parkinson's disease [64], or increase the risk of PD in T2D patients[65]. 
Obesity and 
other metabolic 
abnormalities 

Obesity Inhibit adipogenesis in adipocytes [46]; Prevent obesity in mice [82, 83] and rats [84]; Promote weight loss in patients who 
gain weight as a result of antipsychotic treatment [81]. 

 Fatty liver disease Improve fatty liver disease, reversing steatosis and aminotransferase abnormalities [97]. 
Other diseases Polycystic ovary syndrome  Induce ovulation in women with the polycystic ovary syndrome [186]. 
 Chronic kidney disease  Metformin could have benefits on kidney disease progression and may lower the risk of death [187]. 
 COVID-19 Reduce the Mortality of patients with COVID-19 [107, 108]. 
 Hidradenitis suppurativa  Metformin is an effective treatment option for hidradenitis suppurativa [108].  

 
 
Intervertebral disc (IVD) is composed of the 

cartilage endplate, an outer annulus fibrosus and a 
central nucleus pulposus, and its degeneration, 
namely IVDD, leads to vertebral instability and 
neurological symptoms [37, 38]. While clinical 
evidence is still lacking, results from cultured cells 
and preclinical studies suggest that metformin plays a 
beneficial role in treatment of IVDD. Metformin was 
shown to improve the model of punctation-induced 
disc degeneration in rats and reduce local mechanical 
hyperalgesia, possibly by inhibiting cellular 
senescence and inflammatory responses in the 
nucleus pulposus and annulus fibrosus [39, 40]. Liao 
et al. showed that extracellular vesicles derived from 
metformin-treated bone marrow mesenchymal stem 
cells improved disc cell senescence both in vitro and in 
vivo [41]. 

In addition to OP, OA and IVDD, preclinical 
studies indicate that metformin plays a beneficial role 
in the treatment of other degenerative skeletal 
diseases, such as rheumatoid arthritis (RA) and 
periodontitis (PD). Results from several studies reveal 
that aging is an important risk factor for the 
progression of RA, which is closely associated with 
inflammatory activity [42]. The anti-inflammation 
effect of metformin can contribute to its treatment of 
RA [43]. PD is a chronic inflammatory disease 

involving periodontal tissue, and its incidence is 
increasing with the aging of the population. 
Metformin was shown to reduce the inflammatory 
response, oxidative stress and bone loss in rats with 
PD, and alleviate oxidative stress-induced aging by 
stimulating autophagy, which may benefit PD 
treatment from the perspective of anti-aging [44, 45]. 
Additionally, in vitro studies showed that metformin 
effectively inhibited the ossification and inflammation 
of ankylosing spondylitis (AS) fibroblasts by 
activating PI3K/AKT and AMPK pathways, 
suggesting that metformin may be developed as a 
potential drug for the treatment of AS [46]. And 
metformin was found to inhibit osteosarcoma (OS) 
cell proliferation and migration by affecting AKT 
activity, and may reduce the cancer risk of continuous 
use of metformin in T2D patients [47, 48]. Collectively, 
metformin may be used as a potential drug for the 
treatment of degenerative skeletal diseases and other 
bone disease. 

3.4 Cardiovascular diseases  
Aging-related cardiovascular diseases include a 

variety of categories, such as coronary heart disease 
and heart failure. Growing evidence from a number of 
studies suggest that metformin can protect against 
cardiovascular diseases. Results from several clinical 
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trials showed that metformin mitigated the 
development of cardiovascular disease and reduced 
morbidity in diabetic patients [49, 50]. It is important 
to investigate the cardiovascular effects of metformin 
in non-diabetic patients because high blood sugar 
itself is a significant factor affecting vascular 
environment. Current clinical studies on the 
cardioprotective effects of metformin have primarily 
been focused on coronary heart disease, heart failure, 
and heart attack combined with pulmonary 
hypertension. Sardu et al. reported that metformin 
reduced the risk of coronary heart disease by reducing 
coronary endothelial dysfunction [51]. Moreover, 
metformin attenuated the early progression of 
coronary plaque in men with prediabetes [49]. Zhang 
et al. reported that metformin changed the 
composition of serum lipids and thereby indirectly 
reduced the probability of cardiovascular events in 
patients [52]. Furthermore, metformin protected the 
heart by reducing myocardial oxygen consumption 
and significantly reduced left ventricular mass index 
(LVMI), left ventricular mass (LVM), office systolic 
blood pressure and oxidative stress in patients with 
coronary artery disease [53, 54]. While more clinical 
trials should be conducted in order to further confirm 
the protective effects of metformin in heart failure, 
studies discussed above suggest that metformin has 
therapeutic potential for this disease. In addition, 
results from several animal studies revealed that 
metformin benefited patients with pulmonary 
hypertension associated with heart failure with 
preserved ejection fraction to some extent [55, 56]. 

Aging-related cardiovascular diseases are often 
caused by a combination of multiple factors, which 
include telomere shortening and mitochondrial 
oxidative stress in vascular endothelial cells as well as 
cardiomyocyte dysfunction and other factors. 
Preclinical studies show that the protective effect of 
metformin on cardiovascular diseases is based on its 
multiple effects on vascular endothelial cells, smooth 
muscle cells, lipids and chronic systemic 
inflammation [57, 58]. For example, metformin was 
reported to improve the function of vascular smooth 
muscle cells by inhibiting inflammation, contraction, 
proliferation and calcification [58]. Of note, the study 
to explore the direct effect of metformin on the 
senescence of vascular smooth muscle cells is still 
lacking.  

3.5 Neurodegenerative diseases  
Neurodegenerative diseases mainly include 

Alzheimer's disease (AD), Huntington's disease (HD), 
and Parkinson's disease (PD). The common 
pathological feature of neurodegenerative diseases is 
the presence of a large number of misfolded and 

aggregated proteins in neurons, such as mutated 
α-co-nucleoprotein, β-amyloid, tau protein, and 
Huntington's protein. These proteins have toxic 
effects on neurons, thus affecting neuronal 
connectivity and plasticity, and may even trigger the 
activation of cell death signaling pathways, leading to 
massive neuronal death. Of importance, aging is a 
main risk factor of neurodegenerative diseases [59].  

The efficacy of metformin in the treatment of AD 
seems to be controversial. Most of the current 
evidence suggests a beneficial effect of metformin on 
the prevention of AD, including improved cognitive 
performance and decreased risk of AD. A large 
meta-analysis revealed that patients with T2D using 
metformin displayed a reduced risk for developing 
AD [60]. Similarly, results from a prospective 
observational study support the notion that 
metformin slows cognitive decline in old patients 
with diabetes [61]. However, results from a 
case-control study by Imfeld et al. revealed that 
long-term use of metformin increased the risk of AD 
[62]. In addition, Moore et al. reported that diabetic 
patients developed worse cognitive performance after 
treatment with metformin [63]. The efficacy of 
metformin in the treatment of PD is also controversial. 
Results from a retrospective study by Wahlqvist et al. 
revealed that metformin reduced the risk of PD in 
T2D patients in a Taiwanese population [64]. In 
contrast, results from another cohort study showed 
that metformin treatment was associated with an 
increased risk of PD in T2D patients [65]. The 
controversy may be due to differences in sample sizes, 
statistical methods and applications of drug 
combination from these studies. Metformin treatment 
for HD is still at the preclinical stage, and results from 
some animal models showed that metformin was 
beneficial to some extent in the treatment of HD [66].  

3.6 Cancers  
Aging plays an important role in causing 

cancers. Current studies suggest that metformin can 
be used alone or in combination with other drugs in 
cancer treatment, including pancreatic, breast, colon 
and other cancers [67]. 

Results from several retrospective studies and 
meta-analyses suggested that metformin treatment 
increased survival in patients with pancreatic ductal 
adenocarcinoma (PDAC) [68, 69]. However, result 
from one study showed that the addition of 
conventional antidiabetic doses of metformin did not 
improve prognosis in patients with advanced PDAC 
treated with gemcitabine and erlotinib [70]. The 
different selection of patient recruitment and 
statistical analytical method may contribute to the 
controversial results. The protective effect of 
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metformin against breast tumors and colon cancer is 
clear. A study by Bodmer et al. showed a reduced risk 
for breast cancer in women with T2D by long-term 
metformin usage [71]. Further studies showed that the 
protective effect of metformin against breast cancer 
was related to the types of the breast cancers and the 
hormone levels in patients. Metformin reduced the 
serum level of estradiol in patients, a possible 
mechanism by which metformin resists breast cancer 
development [72]. Meanwhile, another study reported 
that T2D patients on long-term metformin use 
showed reduced risk of estrogen receptor-positive 
breast cancer [73]. Several clinical studies reported 
that metformin application in T2D patients not only 
reduced the risk of colorectal cancer, but also 
improved the survival rate of colorectal cancer 
patients [74, 75]. In addition, metformin was shown to 
reshape the methylation profile of colon cancer cells, 
which may contribute to its anti-colon-cancer effects 
[76]. In addition to the tumors discussed above, the 
anti-cancer effects of metformin have been 
demonstrated in other tumors. Wang et al. showed in 
a population-based cohort study that the use of 
metformin reduced the risk of esophageal cancer and 
that the effect was significant in new users and the 
users aged 60-69 years [77]. A regression study 
showed a negative association between metformin 

use and the incidence of lung cancer and mortality in 
lung cancer patients [78]. Some preclinical studies also 
suggested anti-cancer effect of metformin in other 
cancers, such as bladder cancer [79], however, more 
clinical studies are necessary to verify it.  

Metformin exerts its anti-cancer effect mainly by 
impeding tumor cell proliferation, blocking the tumor 
cell cycle progression, preventing the genomic 
instability, inducing apoptosis and impacting cellular 
energy metabolism (Table 2). Of note, there still are 
limitations in the current studies on the anti-tumor 
mechanisms of metformin, which should be 
investigated by further preclinical studies. 

3.7 Obesity and other metabolic abnormalities 
Obesity is a public health problem worldwide. 

As a multifactorial chronic disease, obesity is often 
accompanied by metabolic abnormalities, such as 
T2D, fatty liver, and cardiovascular disease. The 
prevalence of obesity has markedly risen among 
adults over 65 years old [80]. A growing body of 
evidence suggests that metformin is a potential 
treatment for obesity and its related metabolic 
dysfunction. In humans, metformin displayed a 
significant effect on weight loss in patients who 
gained weight as a result of antipsychotic treatment 
[81].  

 

Table 2. Effect of metformin in targeting cancers. 

Types of cancer Research object Effects References 
Bladder cancer Human cell lines (UMUC3 and J82 cells) Block bladder cancer growth and survival through SREBP-1c/FASN axis by targeting the 

expression of clusterin. 
[79] 

Lung cancer Human (Clinical research) Associated with low risk of lung cancer; Co-treatment with EGFR-TKIs therapy could improve 
progression-free survival in patients with advanced lung adenocarcinoma. 

 
[78, 188] 

Colorectal cancer  Human (Meta-analysis) Reduce the risk of colorectal cancer and improve the survival rate of colorectal cancer patients. [75] 
Leukemia Human cell lines (MMCLs) Co-treatment with bortezomib could enhance the anti-myeloma effect of it leading to delaying 

the growth of myeloma xenotransplants. 
[189] 

Breast cancer Human (Clinical research) Metformin could reduce the risk of breast cancer based on patient's hormone levels. [71, 72] 
Esophageal cancer Human (Clinical research: cohort study) Metformin use decreases the risk of developing esophageal cancer, especially in new 

metformin users and participants aged 60-69 years. 
[77] 

Pancreatic ductal 
adenocarcinoma  

Human (Clinical research) The effect of metformin to treat pancreatic ductal adenocarcinoma is mixed. [68-70] 

Endometrial 
cancer 

Human (Clinical research: Phase 2 
Randomized Clinical Trial) 

Co-treatment with everolimus, letrozole could result in a higher rate of clinical benefit for 
women with advanced or recurrent endometrial cancer. 

[190] 

Melanoma Human cell lines (A2058 and A375) Inhibit melanoma cancer cell motility and growth through inducing cell cycle arrest and 
promoting cell apoptosis. 

[191] 

Thyroid Cancer Human cell lines (FTC133 and BCPAP) Inhibit growth of thyroid cancer cells by downregulating the expression of mGPDH and 
inhibiting OXPHOS in vitro and in vivo. 

[192] 

Osteosarcoma Human and mice cell lines (MG63 and 
K7M2) 

Suppress the self-renew of osteosarcoma stem cells through ROS-mediated apoptosis and 
autophagy. 

[193] 

Primary bone 
cancer 

Human (Clinical research: retrospective 
cohort study) 

Reduce the risk of primary bone cancer in men with T2D aged more than 60 years. [194] 

Hepatocellular 
carcinoma 

Human cell lines (HepG2 and Huh7 and 
293FT) 

Suppress the growth and increase cell death of hepatocellular carcinoma cells by elevating 
oxidative phosphorylation. 

[195] 

Gastric Cancer Human (Clinical research) Decrease the cancer-specific mortality rates, recurrence and all-cause mortality of gastric cancer 
patients with diabetes who underwent gastrectomy. 

[196] 

Ovarian Cancer Human cell lines (SKOV3, OVCAR3 and 
HO8910) 

Induce cancer cells apoptosis through triggering endoplasmic reticulum stress. [197] 

Kidney cancer Human (Clinical research: cohort study) Reduce the risk of kidney cancer in patients with type 2 diabetes. [198] 
Prostate cancer Human (Clinical research: cohort study) Reduce the risk of prostate cancer among men with type 2 diabetes. [199] 
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Above result is also supported by increasing 
preclinical evidence. Kim and coworkers reported 
that metformin increased the expression of fibroblast 
growth factor 21 in high-fat-diet (HFD) fed mice, 
thereby preventing obesity and inflammation caused 
by HFD [82]. In addition, Geerling et al. reported that 
metformin prevented obesity in mice by promoting 
the metabolic activity of mitochondria-rich brown 
adipose tissue [83]. In addition, metformin was 
reported to regulate the intestinal microbiota and 
prevented obesity caused by HFD in rats [84]. Recent 
studies reveal that aging and obesity are closely 
related to the loss of stemness properties in adipose 
stem cells. Chinnapaka et al showed that metformin 
improved the stemness of human adipose-derived 
stem cells by downregulating the mTOR and ERK 
signaling [85]. Age-related adipose tissue dysfunction 
caused by stress-induced senescence of adipose 
stromal cells was ameliorated by metformin treatment 
[86]. 

As an effective anti-glycemic agent, metformin 
plays an important role in regulation of glucose 
metabolism. Metformin inhibited gluconeogenesis in 
liver. Results from a number of studies reveal that 
metformin exerts its hypoglycemic effect through 
activation of the AMPK [87, 88]. Zhou et al. showed 
that metformin activated AMPK in hepatocytes [89]. 
HFD-fed mice with liver selective deletion of 
AMPKα1/2 subunits showed an increase in their 
blood glucose level when they were treated with 
metformin [90]. Metformin failed to improve the 
hyperglycemia in mice lacking serine–threonine liver 
kinase B1 (LKB1) in liver [91]. These studies support a 
mechanism through which metformin exerts its 
hypoglycemic effect through activation of the 
LKB1-AMPK pathway. However, the importance of 
AMPK in mediation of the effect of metformin on 
hepatic glucose production (HGP) is currently being 
challenged. Foretz et al. reported that the blood 
glucose levels in mice lacking AMPK in the liver were 
comparable to those in wild-type mice, and the 
hypoglycemic effect of metformin was intact in these 
mice [92]. In addition, a previous study reported that 
metformin non-competitively inhibited the redox 
shuttle enzyme mitochondrial glycerophosphate 
dehydrogenase, which altered in the redox state in 
liver cells and reduced the conversion of lactic acid 
and glycerol to glucose and thereby impairs liver 
gluconeogenesis [93, 94]. These findings indicate that 
mechanisms underlying the metformin's HGP and 
hypoglycemic effects in diabetes are complicated, 
which involve multiple pathways. 

In addition to its important role in glucose 
metabolism in liver, metformin also plays roles in 
other organs. For example, in the intestine, metformin 

was shown to relocate GLUT2 by mediating AMPK 
activation and promote glucose uptake in the 
intestinal mucosa [95]. Several studies showed that 
OCT3 was expressed in fat cells and muscle cells and 
transported metformin into these cells [96]. Lin et al. 
reported that metformin improved fatty liver, 
reversed steatosis and abnormal transaminase [97]. 
Kita et al. reported that metformin prevented and 
reversed the steatosis of nonalcoholic steatohepatitis 
in experimental non-diabetic models without 
affecting peripheral insulin resistance [98]. In 
addition, metformin inhibited adipogenesis in 
adipocytes, which was abolished in acetyl CoA 
Carboxylase 1/2 mutant mice [99]. Metformin 
inhibited fatty acid desaturase and thereby reduced 
the levels of acyl-alkyl phosphatidylcholines and 
LDL-C [100]. Collectively, these studies suggest that 
metformin play an important role in regulation of 
liver lipid metabolism. 

Metformin also regulates amino acid and protein 
metabolism. In a 2016 study, the authors reported 
results from individuals treated with metformin for 18 
months and analyzed every 6 months. They found 
that metformin reduced the levels of phenylalanine 
and tyrosine in the blood and increased the levels of 
branched chain amino acids, histidine and alanine 
levels [101]. Subsequent studies from the same group 
revealed that metformin increased the blood levels of 
leucine, isoleucine and tyrosine in patients with 
diabetes and insulin resistance [102, 103]. While these 
studies indicate that metformin regulates 
metabolisms of amino acids and proteins, its 
underlying mechanisms remain to be defined. 

3.8 Other diseases  
Metformin has been used to treat other diseases, 

including polycystic ovarian syndrome (PCOS) and 
COVID-19. In pregnant women with PCOS, 
metformin treatment from the late first trimester until 
delivery reduced the risk of late miscarriage and 
preterm birth, but failed to prevent gestational 
diabetes [104]. Virus-induced cellular senescence 
(VIS), a common response of host cells to viral stress, 
is an important manifestation of SARS-CoV-2 
infection and has been demonstrated in several 
dimensions. Several senolytic drugs, such as 
bafilomycin and quercetin, were shown to counteract 
cellular senescence caused by SARS-CoV-2 [105]. 
Metformin prevented cellular senescence and it 
suggested that patients with COVID-19 might be 
benefited from metformin [105]. Results from several 
studies showed that patients with diabetes needed a 
longer recovery time after being infected with 
COVID-19 and experienced longer-lasting adverse 
reactions sequelae in multi organs. Moreover, 
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infection with SARS-CoV-2 was reported to promote 
onset of new diabetes or aggravation of the original 
metabolic disorder [106]. Several retrospective studies 
demonstrated that metformin reduced the mortality 
of patients no matter whether they were diabetic or 
not [107, 108]. However, results from a retrospective 
study revealed that in individuals with COVID-19 
and preexisting T2D, the use of metformin was 
associated with an increased incidence of acidosis, 
suggesting that the basic underlying disease of 
patients with COVID-19 should be considered before 
the usage of metformin [109]. While mechanism(s) 
underlying metformin’s effects on VIS remain poorly 
defined, it is believed that metformin use can decrease 
risk of death for patients with COVID-19. 

Above evidence from clinical and preclinical 
studies suggests the beneficial effects of metformin in 
attenuating aging and treating aging-related diseases. 
Several clinical trials have been designed and 
performed to further evaluate the effectiveness of 

metformin on molecular and clinical outcomes of 
individual hallmarks of aging (Table 3), knowledge 
from these trials may facilitate the application of 
metformin in the treatment of aging and aging-related 
diseases. 

4. Molecular mechanisms and signal 
transduction pathways 

Cumulative evidence from a number of 
experiments and clinical trials demonstrates that 
metformin delays aging and has significant protective 
effects against aging-related diseases mainly by 
affecting hallmarks of aging, including dysregulated 
nutrient sensing, loss of proteostasis, mitochondrial 
dysfunction, altered intercellular communication, 
telomere attrition, genomic instability, epigenetic 
alterations, stem cell exhaustion and cellular 
senescence (Figure 3). 

 

 

 
Figure 3. Targets of metformin among the hallmarks of aging. Metformin attenuates aging and aging-related diseases by targeting nine hallmarks of aging, including (1) 
four primary hallmarks (loss of proteostasis, telomere attrition, genomic instability and epigenetic alterations); (2) three antagonistic hallmarks (deregulated nutrient sensing, 
mitochondrial dysfunction, and cellular senescence); (3) two integrative hallmarks (altered intercellular communication and stem cell exhaustion). 

 

Table 3. Clinical trials using metformin for targeting biological aging. 

NCT number Title Conditions Characteristics of biological aging (Outcome Measures) 
NCT03309007 A Double-Blind, Placebo-Controlled Trial of 

Anti-Aging, Pro-Autophagy Effects of 
Metformin in Adults with Prediabetes 

PreDiabetes, Aging Change in leucocyte LC3 score 

NCT04994561 VIAging Deceleration Trial Using Metformin, 
Dasatinib, Rapamycin and Nutritional 
Supplements 

Aging Senescent cell-cycle arrest physiological parameter value measured by 
MMP-9 laboratory test; Glucose control (insulin resistance) physiological 
parameter as measured by HOMA-IR (mg/dL) calculation value; and etc. 

NCT02432287  Metformin in Longevity Study (MILES) Aging Increase in number of expressed genes in muscle and adipose tissue using 
RNA sequencing; Mixed meal tolerance. Assessment of insulin sensitivity 
and insulin secretion  

NCT02308228 Metformin to Augment Strength Training 
Effective Response in Seniors (MASTERS) 

Aging Percent change in type 2 myofiber cross sectional area; Percent change in 
normal density muscle size by computed tomography 

NCT04264897 Antecedent Metabolic Health and Metformin 
Aging Study 

Aging, Insulin Sensitivity, 
Chronic Disease, Mitochondria, 
Insulin Resistance 

Mean change in insulin sensitivity measure, mitochondrial function of the 
electron transport system measured by complex I activity, daily average 
glucose measure, and blood-based biomarker measures of aging 

NCT03451006 Effect of Metformin on Frailty in 12 Subjects Aging, Inflammation, Frailty Change in frailty, interleukin 6 (pg/mL), matrix metalloproteinase 
(ng/mL), plasminogen activator inhibitor, monocyte chemotactic protein-1, 
activin, and etc. 

NCT03713801 Impact of Metformin on Immunity Aging, Vaccine Response 
Impaired 

Change in antibody responses to PCV13; Measure of immunophenotypes 

NCT03072485 Phase 1 Study of the Effects of Combining Aging Profile of gene transcript changes; Wrinkle score 
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NCT number Title Conditions Characteristics of biological aging (Outcome Measures) 
Topical FDA approved Drugs on Age-related 
Pathways on the Skin of Healthy Volunteers 

NCT03996538 Vaccination Efficacy with Metformin in Older 
Adults 

Aging, Age-Related 
Immunodeficiency, Vaccine 
Response Impaired 

Change in cell-mediated flu vaccine responses, Cell-mediated flu vaccine 
responses, influenza antibody titers, T cell metabolic phenotype, T cell 
oxygen consumption rate, frailty phenotype 

NCT02745886 Metformin Induces a Dietary Restriction-like 
State in Human 

Overweight Subjects, Metformin, 
Aging 

The differences of gene expression profile among 3 groups, insulin 
sensitivity in 3 groups 

NCT04221750 Diet and Exercise Plus Metformin to Treat 
Frailty in Obese Seniors 

Frailty, Sarcopenic Obesity, 
Aging 

Change in the modified physical performance test, muscle strength, 
dynamic balance, static balance, gait speed, peak aerobic power, lean body 
mass body fat, thigh muscle, thigh fat, and etc. 

NCT03107884 Role of Metformin on Muscle Health of Older 
Adults 

Muscle Atrophy, Insulin 
Resistance 

Muscle size; Insulin sensitivity 

NCT01765946 Metformin and Longevity Genes in 
Prediabetes 

Insulin Resistance, Prediabetes, 
Aging, Inflammation 

Longevity gene expression; Insulin sensitivity; Monocyte polarization 
status 

NCT04375657 Thymus Regeneration, Immunorestoration, 
and Insulin Mitigation Extension Trial 

Epigenetic Aging, 
Immunosenescence 

Epigenetic age; Thymus regeneration; Safety and tolerability; 
Immunosenescence 

 

 
Figure 4. Multiple pathways of metformin targeting aging and aging-related diseases. Metformin alleviates aging and aging-related diseases by targeting aging 
hallmarks through following signaling pathways: (1) Metformin is transported into cells through organic transporter 1 (OCT1). Then metformin inhibits mitochondrial 
respiratory-chain complex 1 and thereby oxidative phosphorylation, resulting in increased AMP/ATP and NAD+/NADH ratios, causing activation of AMPK and up-regulation of 
SIRT1. AMPK-dependent mechanisms lead to the inhibition of mTOR, reactive oxygen species (ROS), DNA Methylation (DNMT) and histone acetyltransferase (HAT)/ histone 
deacetylase (HDAC), and the increase of PGC1α and DICER1. Metformin also up-regulates ataxic telangiectasis mutation (ATM) protein kinase and nuclear factor erythroid 
2-related factor 2 (Nrf2), contributing to the inhibition of DNA damage and increase of glutathione peroxidase 7 (GPx7). (2) Metformin regulates the insulin and IGF-1 signaling 
and thereby the phosphorylation of insulin receptor substrate-1/2 (IRS-1/2) and PI3K/AKT/mTOR signaling. Activation of AMPK also inhibits mTOR signaling. (3) Metformin 
inhibits NF-κB signaling induced by pro-inflammatory cytokines. Up-regulation of SIRT1 further inhibits NF-κB signaling. Adapted from Kulkarni et al[7]. 

 

4.1 Dysregulated nutrient sensing  
Metabolic homeostasis is an essential part of the 

cellular and organismal homeostasis. Studies by 
Bettedi et al. demonstrated that multiple signaling 
pathways that sense energy status and nutrients 
availability of cells communicated with growth factor 

and growth hormone signaling pathways to 
orchestrate metabolic homeostasis in humans [110]. 
Smith et al showed that during aging the nutrient 
sensing pathways were dysregulated, which resulted 
in a gradual deterioration in the regulation of 
metabolic homeostasis [111]. Studies from several 
groups revealed that metformin exerted its anti-aging 
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effects by improving the dysregulated nutrient 
sensing, mainly through regulation of four most 
important nutrient-sensing signaling pathways, 
including down-regulation of the insulin/insulin-like 
growth factor 1 (IGF-1) and mTORC1 signaling 
pathways and up-regulation of AMPK and SIRT1 
signaling pathways [5, 7] (Figure 4). Metformin 
decreased the levels of insulin and IGF-1, and thereby 
inhibited phosphorylation of insulin receptor 
substrate-1/2 (IRS-1/2) and PI3K/AKT/mTOR 
signaling, which plays a key role in controlling aging 
and cancer [7, 112]. It is worth noting that metformin 
could also up-regulate IRS/ PI3K/AKT signaling to 
improve glucose metabolism and cognitive 
impairment [113, 114]. The discrepancies of the 
metformin actions may result from the complex 
regulation mechanisms of IRS-1/2 signaling pathway, 
including positive and negative feedback loops [114]. 
The mTOR kinase is composed of mTORC1 and 
mTORC2. Studies using genetic models demonstrated 
that it was the down-regulation of mTORC1 rather 
than that of mTORC2 that extended longevity [115]. 
Kalender et al. showed that metformin directly 
inhibited mTORC1 in Ras-related GTP-binding 
protein (Rag) GTPase-dependent manner [116]. In 
addition, van Nostrand and coworkers reported that 
metformin inhibited mTORC1 by AMPK 
activation-mediated phosphorylation of Raptor and 
tuberous sclerosis complex 2 (TSC2) [117]. Sirtuin 
family has the function of ADP ribosyltransferases 
and NAD-dependent protein deacetylases and plays a 
vital role in energy metabolism. The Sirtuin isoforms 
(SIRT1-SIRT7) have been extensively studied and 
considered as potential and attractive anti-aging 
factors. Recent studies revealed that in low NAD+ 
concentrations, metformin directly activated SIRT1 
and enhanced anabolic signaling, thus favoring 
healthy aging [118]. Interestingly, more recent study 
[119] found that metformin didn’t influence the 
abundance of proteins linked with these nutrient 
sensing pathways and aging. This might be due to the 
regulation of metformin on the phosphorylation of 
nutrient sensing pathways instead of abundance, 
which needs to be confirmed in the further study.  

4.2 Loss of proteostasis 
Protein homeostasis or proteostasis is important 

for cell function and viability. Under normal 
physiological conditions, cells take advantage of a 
series of processes to regulate the synthesis, folding, 
conformational stability and degradation of their 
proteomes to maintain proteostasis. Proteostasis 
involves mechanisms for the stabilization of correctly 
folded proteins by chaperone-mediated protein 
folding and stability system, and mechanisms for the 

degradation of proteins by the autophagy-lysosomal 
system and the ubiquitin-proteasome system. 
However, aging and aging-related diseases are 
usually accompanied with loss of proteostasis. 
Metformin attenuates aging and aging-related 
diseases by maintaining proteostasis through 
inhibition of protein misfolding and enhancement of 
autophagy [120]. In a D-galactose-induced aging rat 
model, metformin was shown to maintain protein 
homeostasis by regulating unfolded protein response 
(UPR)-related chaperone proteins, including heat 
shock protein (HSP) 60, HSP90, glucose-regulated 
protein 78 (GRP78) and C/EBP homologous protein, 
and alleviate aging ‑ related hearing loss and 
neurodegeneration [121]. In an Alzheimer disease 
mouse model, Xu and coworkers showed that 
metformin promoted the activation of chaperone- 
mediated autophagy and partly reversed the 
pathologies of this aging-related disease [122]. 
Further, recent studies showed that metformin could 
ameliorate inflammation by stimulating expression of 
Krüppel-like factor 2 (KLF2) [123, 124] and autophagy 
[125] in different cell types (such as T cells, endothelial 
cells and macrophages) [57], which highlight the 
important role of metformin-induced autophagy in 
the alleviation of aging-associated inflammation. 

4.3 Mitochondrial dysfunction  
Mechanisms of mitochondrial dysfunction and 

aging remain poorly understood. Mitochondria are 
important organelles that provide energy and 
maintain homeostasis in cells. Abnormalities in 
mitochondrial function caused by various 
pathological factors affect cell metabolism and impair 
body function and health. Results from a study by 
Konopka et al. showed that metformin improved the 
physiological functions of the elderly by eliminating 
exercise-mediated increases in skeletal muscle 
mitochondrial respiration [126]. Metformin up- 
regulated mitochondrial biogenesis by SIRT3 through 
AMPK-mediated H3K79 methylation, and delayed 
aging [127]. Increased levels of reactive oxygen 
species (ROS) and the imbalance of energy 
metabolism caused by the decline of mitochondrial 
function were shown to be related to the occurrence of 
aging and a variety of aging-related diseases [128], 
and may be targeted for the treatment of aging-related 
diseases [129].  

Recent studies reported that metformin reduced 
ROS production by mitochondrial complex I (NADH: 
ubiquinone oxidoreductase) and improved oxidative 
stress-mediated dysfunction or cell apoptosis [130]. 
PGC-1α is a co-transcriptional regulator that 
promotes mitochondrial biogenesis. A large number 
of studies have shown that metformin can improve 
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mitochondrial biogenesis by increasing the expression 
of PGC-1α in a tissue-specific manner. Suwa et al. 
showed that metformin enhanced PGC-1α expression 
and mitochondrial biogenesis by promoting AMPK 
phosphorylation and improving insulin resistance in 
skeletal muscle [131]. Andrzejewski et al. showed that 
the elevated level of PGC-1α in breast cancer cells 
helped to cope with the interference of metformin on 
mitochondrial energy metabolism, and played roles in 
drug resistance and metastasis [132]. Metformin 
selectively affected PGC-1α mediated gene regulation 
in the liver and prevented gluconeogenesis activation, 
but did not affect its regulation of mitochondrial 
genes [133]. In addition to mitochondrial dysfunction, 
recent studies suggested that the therapeutic effect of 
metformin on aging-related diseases might be 
through regulation of mitochondrial dynamics, 
including mitochondrial fission and fusion [134, 135]. 
Whether mitochondrial fission proteins (such as 
dynamin-related protein 1 and mitochondrial fission 
protein 1) and mitochondrial fusion proteins (such as 
optic atrophy 1, mitofusin-1 and mitofusin-2) play 
important roles in the anti-aging effect of metformin 
remains unclear and requires further investigation. 

4.4 Altered intercellular communication  
Aging not only impacts the cell autonomous 

system, but also affects other cellular functions 
through intercellular communication, such as 
neuronal, endocrine and neuroendocrine, which tends 
to lead to chronic, low-grade and sterile inflammation 
in the body. Inflammation promotes epigenetic 
changes, loss of protein stability and stem cell 
dysfunction, and is a key factor leading to aging- 
related diseases. In addition to regulating metabolic 
indicators, metformin also reduces the level of 
low-grade inflammation in the blood [136]. Clinical 
follow-up showed that metformin alone significantly 
reduced circulating pro-inflammatory cytokine levels 
and mortality in elderly diabetic patients [137]. 
Metformin inhibited the expression of pro- 
inflammatory cytokines, such as TNF-α and IL-6, by 
regulating the NF-κB pathway, and reduced the 
susceptibility to aging-related diseases [138]. Gut 
microbiota is closely related to metabolism and 
immune homeostasis [139]. Aging-related gut 
microbiota imbalance was shown to lead to the release 
of inflammatory factors and increase levels of 
inflammation in the body through intercellular 
communication [140, 141]. Metformin regulated 
metabolism-related diseases by regulating the 
composition of the gut microbiota [142-144], such as 
improving metabolism, reducing body weight and 
indirectly reducing the level of systemic 
inflammation. Metformin may be beneficial in 

improving aging and aging-related diseases by 
regulating gut microbiota and inhibiting 
inflammation.  

4.5 Telomere attrition  
Telomeres located at the ends of chromosomes 

are essential for protecting the integrity of 
chromosomes and controlling organismal aging. It is 
known that biological aging and aging-related 
diseases are associated with telomere attrition and 
shortening. In addition, telomere damage or 
dysfunction caused by various pathological factors 
can accelerate aging, increase the incidence of 
aging-related diseases, and even shorten life span 
[145]. Gao et al. showed aging-related telomere 
attrition in adipocyte progenitors predisposed to 
metabolic diseases through human biopsies and gene 
knockout mice [146]. In leucocytes, relative telomere 
length was shown to be inversely associated with 
glycemic level in T2D patients diagnosed in less than 
5 years and was associated with a higher incidence of 
diabetic complications [147]. Activation of telomerase 
by pharmacology or transgenic technology reversed 
the premature aging phenotype of telomerase 
deficient mice or delay physiological aging [148, 149]. 
AMPK was shown to regulate telomere transcription 
through telomere repeat RNA [150]. Metformin 
reduced telomere attrition of leukocytes in patients 
with mild aging-related diabetes and had obvious 
anti-aging effect [151]. Garcia-Martin showed that 
metformin therapy prevented telomere shortening 
associated with leukocyte and placental telomere 
shortening in patients with gestational diabetes 
mellitus, thereby avoiding adverse fetal outcomes 
[152].  

4.6 Genomic instability  
Genomic instability is mainly due to DNA 

damage and mutation accumulation caused by 
multiple endogenous (mitochondrial metabolism) 
and exogenous (environmental) factors, and can be 
offset by the large DNA repair network. Genomic 
instability is a key marker of aging, and artificially 
induced genomic instability accelerates cell aging and 
increases susceptibility to aging-related diseases [153]. 

It is believed that metformin protects genomic 
stability by in part inhibiting oxidative stress and 
DNA damage and by regulating ataxic telangiectasis 
mutation (ATM) protein kinase. Metformin inhibited 
DNA damage in Drosophila by down-regulating 
aging-related and oxidative stress-induced AKT 
activity [154]. In T2D patients, the antioxidant 
capacity of metformin protected cells from diabetic 
oxidative stress and regulated DNA BER system, 
which was related to the significant up-regulation of 
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X-ray repair cross complementing 1 and p53 levels 
[155]. In addition, metformin inhibited hepatic 
gluconeogenesis by regulating ataxic telangiectasis 
mutation and activating multiple AMPK-dependent 
and AMPK-independent differentially expressed 
genes and regulatory elements [156]. Vazquez-Martin 
and coworkers showed that metformin recruited 
DNA repair complexes to repair broken DNA double 
strands by activating ATM and Checkpoint Kinases-2 
[157]. Metformin improved homologous recombina-
tion defect tumor-dependent DNA repair by 
regulating metabolic levels [158]. Although the 
potential mechanism of metformin's protection of 
genome stability is not fully elucidated, its antioxidant 
and DNA damage prevention effects are beneficial to 
the prevention and treatment of aging-related disease 
damage. 

4.7 Epigenetic alterations  
Alterations in epigenetic modifications, such as 

histone modification and DNA methylation and 
non-coding RNAs, can promote inflammation and 
metabolic aging phenotypes, leading to a variety of 
aging-related diseases. Restoring the normal state of 
epigenetic characteristics may be a potential 
therapeutic strategy for the treatment of aging and 
aging-related diseases. 

Increasing evidence suggests that metformin can 
regulate transcription and post-transcriptional 
activity through distinct epigenetic modification 
mechanisms [159]. It was reported that abnormal 
methylation of the whole genome in some T2D 
patients caused metformin intolerance [160]. 
Metformin promoted global DNA methylation 
through the mitochondrial one-carbon metabolic 
pathway and H19/S-adenosine homocysteine 
hydrolase axis, and regulated expression of epigenetic 
genes to promote health [161, 162]. In vitro studies 
showed that metformin reduced histone H3 lysine 27 
trimethylation (H3K27me3) and inhibited the activity 
of ovarian cancer cells, reflecting its anti-tumor effect 
by regulating epigenetic modification [163]. In vivo, 
metformin reversed the physiological function of 
histone H3K36me2 in 170 histone markers that is 
known to play a role in pathogenesis of diabetes and 
obesity in prediabetic HFD-induced obesity mouse 
models [164].  

In addition to its effects on DNA and histone 
methylation, metformin affects cell function and 
intervenes in related diseases by regulating 
non-coding RNAs expression. Metformin was 
reported to reduce cell senescence and delay 
aging-related phenotypes by regulating miRNA 
expression in several in vitro and in vivo aging models 
[165, 166]. Results from clinical study showed that 

metformin might regulate aging-related metabolic 
and non-metabolic pathways in skeletal muscle and 
subcutaneous adipose tissue of older adults by 
controlling miRNA-29b expression [19]. In addition, 
metformin was shown to prevent vascular smooth 
muscle cell dysfunction by regulating long 
non-coding RNAs (lncRNA) or circular RNAs 
(circRNAs) [167, 168]. However, the precise 
mechanisms how these non-coding RNAs participate 
in the metformin actions still need to be sufficiently 
understood. 

4.8 Stem cell exhaustion 
Stem cells are unspecialized cells, which exist in 

all stages of life, such as embryo, fetus and adult. 
These cells can give rise to various differentiated cells 
that contribute to the properties of different tissues 
and organs [169]. At the early postnatal and adult 
stages of human life, tissue-specific stem cells are 
present in differentiated organs and play key roles in 
tissue repair and regeneration following injury to the 
organ. With aging, stem cells are gradually exhausted 
and their biological behaviors, such as viability, 
proliferation, differentiation and migration, are 
inhibited, which leads to an impaired tissue 
regenerative capacity and results in tissue and organ 
dysfunction as well as aging-related diseases. 
Increasing evidence suggests that metformin delays 
stem cell aging and activates its rejuvenation capacity 
by increasing antioxidant effect, activating AMPK 
signaling, and inhibiting mTORC1 to initiate 
autophagy. Low-dose metformin administration was 
shown to upregulate the expression level of endo-
plasmic reticulum-localized glutathione peroxidase 7 
(GPx7) via nuclear factor erythroid 2-related factor 2 
(Nrf2), which delayed premature cellular senescence 
and extended the lifespan of human mesenchymal 
stem cells [170]. Results from Neumann and 
colleagues showed that metformin similarly activated 
AMPK signaling and rejuvenated aging in 
oligodendrocyte progenitor cells [171]. Moreover, in 
Drosophila midgut intestinal stem cells, Na et al. [172] 
demonstrated that metformin alleviated aging-related 
phenotypes by regulating autophagy related gene 6 
and AKT/mTOR signaling pathway.  

4.9 Cellular senescence 
Cellular senescence is usually defined as an 

irreversible arrest of the cell cycle, which can be 
induced by various internal and external stressors, 
including irradiation, mitochondrial dysfunction, 
oxidative and genotoxic stress, oncogenic activation 
and chemotherapeutic agents. Besides cell cycle 
arrest, senescent cells often show other phenotypic 
alterations, such as chromatin rearrangement, meta-
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bolic reprogramming and autophagy modulation. 
Senescent cells can produce a complex mixture of 
chemokines, cytokines, growth factors and 
extracellular matrix proteases, which are collectively 
called senescence-associated secretory phenotype 
(SASP). Cellular senescence is widely considered to be 
a main driver of aging and aging-related diseases, 
with the accumulation of senescent cells and the 
inflammatory microenvironment created by SASP via 
paracrine and autocrine. Metformin was shown to 
inhibit SASP and cellular senescence in multiple 
age-related dysfunctions [7, 173]. In lens epithelial 
cells and nucleus pulposus cells, metformin reduced 
SASP and senescence by activation of AMPK 
signaling and restoration of autophagic flux [39, 174]. 
In renal tubular epithelial cells, metformin inhibited 
senescence and alleviated diabetic nephropathy 
through the muscleblind-like 1 /miR-130a-3p/STAT3 
signaling pathway [175]. In addition, metformin 
repressed endothelial senescence by activating the 
activity of Sirt1 [176], and inhibited macrophage 
senescence and SASP by down-regulating NLRC4 
phosphorylation [177]. Śmieszek A et al. [178] found 
that metformin suppressed SASP and senescence in ex 
vivo cultures of murine olfactory ensheathing cell via 
down-regulation of NF-κB signaling. Interestingly, 
several studies reported that metformin increased 
SASP and senescence in cancer cells [179, 180]. These 
contradictory results suggest that mechanisms 
whereby metformin regulates SASP and cellular 
senescence are complicated, which need more 
detailed investigation. 

5. Conclusion and perspectives  
Metformin has significant effects in anti-aging 

and in attenuating aging-related diseases and 
displays promising perspective in aging-related 
clinical applications. However, there are several 
important issues that need to be addressed. First, 
more multicenter, large-scale, double-blind, 
randomized, placebo-controlled trials are required to 
further elucidate the effects of metformin on aging 
and major aging-related diseases. Second, the concept 
of precision or personalized medicine should be 
considered in the anti-aging treatment of metformin. 
Even though metformin has become the first-line 
medicine to treat T2D, there are non-responders and 
responders, and side effects also vary considerably. It 
is important to take into account the patients’ genetic 
background, the dose of medicine and the approach 
of administration in particular, and then develop 
personalized treatment strategy. Third, there is some 
limitations of the administration of metformin in 
clinic because of its short half-life and relatively low 
bioavailability. The design of novel drug delivery 

systems to improve drug bioavailability, enhance 
drug stability and reduce side effects of metformin are 
largely appreciated in clinical applications. Finally, 
distinct molecular mechanisms through which 
metformin attenuates aging and different 
aging-related diseases are still poorly understood and 
remain to be investigated in great detail. Better 
understanding of these mechanisms will greatly 
facilitate the development of novel and efficient 
strategies for the prevention and treatment of aging 
and aging-related diseases by metformin. 

Abbreviations 
AD: alzheimer's disease; AS: ankylosing 

spondylitis; ATM: ataxic telangiectasis mutation; 
circRNAs: circular RNAs; DPP4: dipeptidyl peptidase 
4; FBG: fasting blood glucose; GRP78: glucose- 
regulated protein 78; GLP1: glucagon-like peptide 1; 
GPx7: glutathione peroxidase 7; HSP: heat shock 
protein; HGP: hepatic glucose production; HFD: 
high-fat-diet; H3K27me3: histone H3 lysine 27 
trimethylation; HD: huntington's disease; IGF-1: 
insulin-like growth factor 1; IRS-1/2: insulin receptor 
substrate-1/2; IVD: intervertebral disc; IVDD: 
intervertebral disc degeneration; KLF2: krüppel-like 
factor 2; LVM: left ventricular mass; LVMI: left 
ventricular mass index; LKB1: liver kinase B1; 
LncRNA: long non-coding RNAs; NIDDM: 
non-insulin-dependent diabetes mellitus; Nrf2: 
nuclear factor erythroid 2-related factor 2; OCT: 
organic cation transporter; OA: osteoarthritis; OP: 
osteoporosis; OS: osteosarcoma; PDAC: pancreatic 
ductal adenocarcinoma; PD: parkinson's disease; PD: 
periodontitis; PCOS: polycystic ovarian syndrome; 
Rag: Ras-related GTP-binding protein; RA: 
rheumatoid arthritis; ROS: reactive oxygen species; 
SASP: senescence-associated secretory phenotype; 
SGLT2: sodium-dependent glucose transporters 2; 
TAME: targeting aging with metformin; TSC2: 
tuberous sclerosis complex 2; T2D: type 2 diabetes; 
VIS: virus-induced cellular senescence. 

Acknowledgements 
We apologize to the authors whose studies may 

have been overlooked in this review article. This work 
was supported, in part, by the National Key Research 
and Development Program of China Grants 
(2019YFA0906004), the National Natural Science 
Foundation of China Grants (81991513 and 81870532) 
and the Guangdong Provincial Science and 
Technology Innovation Council Grant 
(2017B030301018). 

Author Contributions 
SC, ZS, and GX conceptualized and wrote the 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2736 

outline of the manuscript. SC, DG, SL and YZ 
searched the literature. SC, DG, SL, YZ and MC wrote 
the draft of the manuscript. GX and ZS reviewed and 
edited the manuscript. All authors have read and 
approved the final manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Melzer D, Pilling LC, Ferrucci L. The genetics of human ageing. Nat Rev 

Genet. 2020; 21: 88-101. 
2. Campisi J, Kapahi P, Lithgow GJ, Melov S, Newman JC, Verdin E. From 

discoveries in ageing research to therapeutics for healthy ageing. Nature. 
2019; 571: 183-92. 

3. Luo J, Mills K, le Cessie S, Noordam R, van Heemst D. Ageing, 
age-related diseases and oxidative stress: What to do next? Ageing Res 
Rev. 2020; 57: 100982. 

4. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The 
hallmarks of aging. Cell. 2013; 153: 1194-217. 

5. Soukas AA, Hao H, Wu L. Metformin as Anti-Aging Therapy: Is It for 
Everyone? Trends Endocrinol Metab. 2019; 30: 745-55. 

6. Bailey CJ. Metformin: historical overview. Diabetologia. 2017; 60: 
1566-76. 

7. Kulkarni AS, Gubbi S, Barzilai N. Benefits of Metformin in Attenuating 
the Hallmarks of Aging. Cell Metab. 2020; 32: 15-30. 

8. Justice JN, Niedernhofer L, Robbins PD, Aroda VR, Espeland MA, 
Kritchevsky SB, et al. Development of Clinical Trials to Extend Healthy 
Lifespan. Cardiovascular endocrinology & metabolism. 2018; 7: 80-3. 

9. Flory J, Lipska K. Metformin in 2019. JAMA. 2019; 321: 1926-7. 
10. Madiraju AK, Qiu Y, Perry RJ, Rahimi Y, Zhang XM, Zhang D, et al. 

Metformin inhibits gluconeogenesis via a redox-dependent mechanism 
in vivo. Nat Med. 2018; 24: 1384-94. 

11. Gardiner SJ, Kirkpatrick CM, Begg EJ, Zhang M, Moore MP, Saville DJ. 
Transfer of metformin into human milk. Clin Pharmacol Ther. 2003; 73: 
71-7. 

12. Nies AT, Hofmann U, Resch C, Schaeffeler E, Rius M, Schwab M. Proton 
pump inhibitors inhibit metformin uptake by organic cation transporters 
(OCTs). PLoS One. 2011; 6: e22163. 

13. Eppenga WL, Lalmohamed A, Geerts AF, Derijks HJ, Wensing M, 
Egberts A, et al. Risk of lactic acidosis or elevated lactate concentrations 
in metformin users with renal impairment: a population-based cohort 
study. Diabetes Care. 2014; 37: 2218-24. 

14. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Manneras-Holm L, et 
al. Metformin alters the gut microbiome of individuals with 
treatment-naive type 2 diabetes, contributing to the therapeutic effects of 
the drug. Nat Med. 2017; 23: 850-8. 

15. Virtanen A, Huttala O, Tihtonen K, Toimela T, Heinonen T, Laivuori H, 
et al. Therapeutic doses of metformin do not have impact on 
angiogenesis in presence of sera from pre-eclamptic, IUGR and healthy 
pregnancies. Pregnancy hypertension. 2020; 22: 7-13. 

16. Dallaglio K, Bruno A, Cantelmo AR, Esposito AI, Ruggiero L, Orecchioni 
S, et al. Paradoxic effects of metformin on endothelial cells and 
angiogenesis. Carcinogenesis. 2014; 35: 1055-66. 

17. Campbell JM, Bellman SM, Stephenson MD, Lisy K. Metformin reduces 
all-cause mortality and diseases of ageing independent of its effect on 
diabetes control: A systematic review and meta-analysis. Ageing Res 
Rev. 2017; 40: 31-44. 

18. Valencia WM, Palacio A, Tamariz L, Florez H. Metformin and ageing: 
improving ageing outcomes beyond glycaemic control. Diabetologia. 
2017; 60: 1630-8. 

19. Kulkarni AS, Brutsaert EF, Anghel V, Zhang K, Bloomgarden N, Pollak 
M, et al. Metformin regulates metabolic and nonmetabolic pathways in 
skeletal muscle and subcutaneous adipose tissues of older adults. Aging 
Cell. 2018; 17. 

20. Chen J, Ou Y, Li Y, Hu S, Shao LW, Liu Y. Metformin extends C. elegans 
lifespan through lysosomal pathway. Elife. 2017; 6. 

21. Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, 
Scheibye-Knudsen M, et al. Metformin improves healthspan and 
lifespan in mice. Nat Commun. 2013; 4: 2192. 

22. Palmer AK, Gustafson B, Kirkland JL, Smith U. Cellular senescence: at 
the nexus between ageing and diabetes. Diabetologia. 2019; 62: 1835-41. 

23. Hermann LS, Bitzen PO, Kjellstrom T, Lindgarde F, Schersten B. 
Comparative efficacy of metformin and glibenclamide in patients with 
non-insulin-dependent diabetes mellitus. Diabete Metab. 1991; 17: 201-8. 

24. DeFronzo RA, Goodman AM. Efficacy of metformin in patients with 
non-insulin-dependent diabetes mellitus. The Multicenter Metformin 
Study Group. N Engl J Med. 1995; 333: 541-9. 

25. Davidson JA, Scheen AJ, Howlett HC. Tolerability profile of 
metformin/glibenclamide combination tablets (Glucovance): a new 
treatment for the management of type 2 diabetes mellitus. Drug Saf. 
2004; 27: 1205-16. 

26. Inzucchi SE, Maggs DG, Spollett GR, Page SL, Rife FS, Walton V, et al. 
Efficacy and metabolic effects of metformin and troglitazone in type II 
diabetes mellitus. N Engl J Med. 1998; 338: 867-72. 

27. Wulffele MG, Kooy A, Lehert P, Bets D, Ogterop JC, Borger van der Burg 
B, et al. Combination of insulin and metformin in the treatment of type 2 
diabetes. Diabetes Care. 2002; 25: 2133-40. 

28. Lu CH, Chung CH, Kuo FC, Chen KC, Chang CH, Kuo CC, et al. 
Metformin Attenuates Osteoporosis in Diabetic Patients with Carcinoma 
in situ: A Nationwide, Retrospective, Matched-Cohort Study in Taiwan. J 
Clin Med. 2020; 9. 

29. Vestergaard P, Rejnmark L, Mosekilde L. Relative fracture risk in 
patients with diabetes mellitus, and the impact of insulin and oral 
antidiabetic medication on relative fracture risk. Diabetologia. 2005; 48: 
1292-9. 

30. Pernicova I, Kelly S, Ajodha S, Sahdev A, Bestwick JP, Gabrovska P, et al. 
Metformin to reduce metabolic complications and inflammation in 
patients on systemic glucocorticoid therapy: a randomised, 
double-blind, placebo-controlled, proof-of-concept, phase 2 trial. The 
lancet Diabetes & endocrinology. 2020; 8: 278-91. 

31. Yerevanian A, Soukas AA. Metformin: Mechanisms in Human Obesity 
and Weight Loss. Current obesity reports. 2019; 8: 156-64. 

32. Wang Y, Hussain SM, Wluka AE, Lim YZ, Abram F, Pelletier JP, et al. 
Association between metformin use and disease progression in obese 
people with knee osteoarthritis: data from the Osteoarthritis Initiative-a 
prospective cohort study. Arthritis Res Ther. 2019; 21: 127. 

33. Park MJ, Moon SJ, Baek JA, Lee EJ, Jung KA, Kim EK, et al. Metformin 
Augments Anti-Inflammatory and Chondroprotective Properties of 
Mesenchymal Stem Cells in Experimental Osteoarthritis. Journal of 
immunology (Baltimore, Md : 1950). 2019; 203: 127-36. 

34. van den Bosch MHJ. Osteoarthritis year in review 2020: biology. 
Osteoarthritis Cartilage. 2021; 29: 143-50. 

35. Li J, Zhang B, Liu WX, Lu K, Pan H, Wang T, et al. Metformin limits 
osteoarthritis development and progression through activation of AMPK 
signalling. Ann Rheum Dis. 2020; 79: 635-45. 

36. Wang S, Kobayashi K, Kogure Y, Yamanaka H, Yamamoto S, Yagi H, et 
al. Negative Regulation of TRPA1 by AMPK in Primary Sensory 
Neurons as a Potential Mechanism of Painful Diabetic Neuropathy. 
Diabetes. 2018; 67: 98-109. 

37. Chen S, Qin L, Wu X, Fu X, Lin S, Chen D, et al. Moderate Fluid Shear 
Stress Regulates Heme Oxygenase-1 Expression to Promote Autophagy 
and ECM Homeostasis in the Nucleus Pulposus Cells. Front Cell Dev 
Biol. 2020; 8: 127. 

38. Chen S, Wu X, Lai Y, Chen D, Bai X, Liu S, et al. Kindlin-2 inhibits Nlrp3 
inflammasome activation in nucleus pulposus to maintain homeostasis 
of the intervertebral disc. Bone Res. 2022; 10: 5. 

39. Chen D, Xia D, Pan Z, Xu D, Zhou Y, Wu Y, et al. Metformin protects 
against apoptosis and senescence in nucleus pulposus cells and 
ameliorates disc degeneration in vivo. Cell Death Dis. 2016; 7: e2441. 

40. Han Y, Yuan F, Deng C, He F, Zhang Y, Shen H, et al. Metformin 
decreases LPS-induced inflammatory response in rabbit annulus 
fibrosus stem/progenitor cells by blocking HMGB1 release. Aging 
(Albany NY). 2019; 11: 10252-65. 

41. Liao Z, Li S, Lu S, Liu H, Li G, Ma L, et al. Metformin facilitates 
mesenchymal stem cell-derived extracellular nanovesicles release and 
optimizes therapeutic efficacy in intervertebral disc degeneration. 
Biomaterials. 2021; 274: 120850. 

42. Li Y, Goronzy JJ, Weyand CM. DNA damage, metabolism and aging in 
pro-inflammatory T cells: Rheumatoid arthritis as a model system. Exp 
Gerontol. 2018; 105: 118-27. 

43. Gallagher L, Cregan S, Biniecka M, Cunningham C, Veale DJ, Kane DJ, et 
al. Insulin-Resistant Pathways Are Associated With Disease Activity in 
Rheumatoid Arthritis and Are Subject to Disease Modification Through 
Metabolic Reprogramming: A Potential Novel Therapeutic Approach. 
Arthritis Rheumatol. 2020; 72: 896-902. 

44. Araújo AA, Pereira A, Medeiros C, Brito GAC, Leitão RFC, Araújo LS, et 
al. Effects of metformin on inflammation, oxidative stress, and bone loss 
in a rat model of periodontitis. PLoS One. 2017; 12: e0183506. 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2737 

45. Kuang Y, Hu B, Feng G, Xiang M, Deng Y, Tan M, et al. Metformin 
prevents against oxidative stress-induced senescence in human 
periodontal ligament cells. Biogerontology. 2020; 21: 13-27. 

46. Qin X, Jiang T, Liu S, Tan J, Wu H, Zheng L, et al. Effect of metformin on 
ossification and inflammation of fibroblasts in ankylosing spondylitis: 
An in vitro study. J Cell Biochem. 2018; 119: 1074-82. 

47. Li Z, Wang L, Luo N, Zhao Y, Li J, Chen Q, et al. Metformin inhibits the 
proliferation and metastasis of osteosarcoma cells by suppressing the 
phosphorylation of Akt. Oncol Lett. 2018; 15: 7948-54. 

48. Chen X, Hu C, Zhang W, Shen Y, Wang J, Hu F, et al. Metformin inhibits 
the proliferation, metastasis, and cancer stem-like sphere formation in 
osteosarcoma MG63 cells in vitro. Tumour Biol. 2015; 36: 9873-83. 

49. Goldberg RB, Aroda VR, Bluemke DA, Barrett-Connor E, Budoff M, 
Crandall JP, et al. Effect of Long-Term Metformin and Lifestyle in the 
Diabetes Prevention Program and Its Outcome Study on Coronary 
Artery Calcium. Circulation. 2017; 136: 52-64. 

50. Svensson E, Baggesen LM, Johnsen SP, Pedersen L, Nørrelund H, Buhl 
ES, et al. Early Glycemic Control and Magnitude of HbA(1c) Reduction 
Predict Cardiovascular Events and Mortality: Population-Based Cohort 
Study of 24,752 Metformin Initiators. Diabetes Care. 2017; 40: 800-7. 

51. Sardu C, Paolisso P, Sacra C, Mauro C, Minicucci F, Portoghese M, et al. 
Effects of Metformin Therapy on Coronary Endothelial Dysfunction in 
Patients With Prediabetes With Stable Angina and Nonobstructive 
Coronary Artery Stenosis: The CODYCE Multicenter Prospective Study. 
Diabetes Care. 2019; 42: 1946-55. 

52. Zhang Y, Hu C, Hong J, Zeng J, Lai S, Lv A, et al. Lipid profiling reveals 
different therapeutic effects of metformin and glipizide in patients with 
type 2 diabetes and coronary artery disease. Diabetes Care. 2014; 37: 
2804-12. 

53. Larsen AH, Jessen N, Nørrelund H, Tolbod LP, Harms HJ, Feddersen S, 
et al. A randomised, double-blind, placebo-controlled trial of metformin 
on myocardial efficiency in insulin-resistant chronic heart failure 
patients without diabetes. Eur J Heart Fail. 2020; 22: 1628-37. 

54. Bergmark BA, Bhatt DL, McGuire DK, Cahn A, Mosenzon O, Steg PG, et 
al. Metformin Use and Clinical Outcomes Among Patients With Diabetes 
Mellitus With or Without Heart Failure or Kidney Dysfunction: 
Observations From the SAVOR-TIMI 53 Trial. Circulation. 2019; 140: 
1004-14. 

55. Goncharov DA, Goncharova EA, Tofovic SP, Hu J, Baust JJ, Pena AZ, et 
al. Metformin Therapy for Pulmonary Hypertension Associated with 
Heart Failure with Preserved Ejection Fraction versus Pulmonary 
Arterial Hypertension. Am J Respir Crit Care Med. 2018; 198: 681-4. 

56. Lai YC, Tabima DM, Dube JJ, Hughan KS, Vanderpool RR, Goncharov 
DA, et al. SIRT3-AMP-Activated Protein Kinase Activation by Nitrite 
and Metformin Improves Hyperglycemia and Normalizes Pulmonary 
Hypertension Associated With Heart Failure With Preserved Ejection 
Fraction. Circulation. 2016; 133: 717-31. 

57. Ding Y, Zhou Y, Ling P, Feng X, Luo S, Zheng X, et al. Metformin in 
cardiovascular diabetology: a focused review of its impact on endothelial 
function. Theranostics. 2021; 11: 9376-96. 

58. Deng M, Su D, Xu S, Little PJ, Feng X, Tang L, et al. Metformin and 
Vascular Diseases: A Focused Review on Smooth Muscle Cell Function. 
Front Pharmacol. 2020; 11: 635. 

59. Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, et al. 
Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol. 
2019; 15: 565-81. 

60. Zhou JB, Tang X, Han M, Yang J, Simó R. Impact of antidiabetic agents 
on dementia risk: A Bayesian network meta-analysis. Metabolism. 2020; 
109: 154265. 

61. Samaras K, Makkar S, Crawford JD, Kochan NA, Wen W, Draper B, et al. 
Metformin Use Is Associated With Slowed Cognitive Decline and 
Reduced Incident Dementia in Older Adults With Type 2 Diabetes: The 
Sydney Memory and Ageing Study. Diabetes Care. 2020; 43: 2691-701. 

62. Imfeld P, Bodmer M, Jick SS, Meier CR. Metformin, other antidiabetic 
drugs, and risk of Alzheimer's disease: a population-based case-control 
study. J Am Geriatr Soc. 2012; 60: 916-21. 

63. Moore EM, Mander AG, Ames D, Kotowicz MA, Carne RP, Brodaty H, et 
al. Increased risk of cognitive impairment in patients with diabetes is 
associated with metformin. Diabetes Care. 2013; 36: 2981-7. 

64. Wahlqvist ML, Lee MS, Hsu CC, Chuang SY, Lee JT, Tsai HN. 
Metformin-inclusive sulfonylurea therapy reduces the risk of 
Parkinson's disease occurring with Type 2 diabetes in a Taiwanese 
population cohort. Parkinsonism Relat Disord. 2012; 18: 753-8. 

65. Kuan YC, Huang KW, Lin CL, Hu CJ, Kao CH. Effects of metformin 
exposure on neurodegenerative diseases in elderly patients with type 2 
diabetes mellitus. Prog Neuropsychopharmacol Biol Psychiatry. 2017; 79: 
77-83. 

66. Tang BL. Could metformin be therapeutically useful in Huntington's 
disease? Rev Neurosci. 2020; 31: 297-317. 

67. Vancura A, Bu P, Bhagwat M, Zeng J, Vancurova I. Metformin as an 
Anticancer Agent. Trends Pharmacol Sci. 2018; 39: 867-78. 

68. Amin S, Mhango G, Lin J, Aronson A, Wisnivesky J, Boffetta P, et al. 
Metformin Improves Survival in Patients with Pancreatic Ductal 
Adenocarcinoma and Pre-Existing Diabetes: A Propensity Score 
Analysis. Am J Gastroenterol. 2016; 111: 1350-7. 

69. Zhou PT, Li B, Liu FR, Zhang MC, Wang Q, Li YY, et al. Metformin is 
associated with survival benefit in pancreatic cancer patients with 
diabetes: a systematic review and meta-analysis. Oncotarget. 2017; 8: 
25242-50. 

70. Kordes S, Pollak MN, Zwinderman AH, Mathôt RA, Weterman MJ, 
Beeker A, et al. Metformin in patients with advanced pancreatic cancer: a 
double-blind, randomised, placebo-controlled phase 2 trial. Lancet 
Oncol. 2015; 16: 839-47. 

71. Bodmer M, Meier C, Krähenbühl S, Jick SS, Meier CR. Long-term 
metformin use is associated with decreased risk of breast cancer. 
Diabetes Care. 2010; 33: 1304-8. 

72. Campagnoli C, Berrino F, Venturelli E, Abbà C, Biglia N, Brucato T, et al. 
Metformin decreases circulating androgen and estrogen levels in 
nondiabetic women with breast cancer. Clin Breast Cancer. 2013; 13: 
433-8. 

73. Park YM, Bookwalter DB, O'Brien KM, Jackson CL, Weinberg CR, 
Sandler DP. A prospective study of type 2 diabetes, metformin use, and 
risk of breast cancer. Ann Oncol. 2021; 32: 351-9. 

74. Chang YT, Tsai HL, Kung YT, Yeh YS, Huang CW, Ma CJ, et al. 
Dose-Dependent Relationship Between Metformin and Colorectal 
Cancer Occurrence Among Patients with Type 2 Diabetes-A Nationwide 
Cohort Study. Transl Oncol. 2018; 11: 535-41. 

75. Deng M, Lei S, Huang D, Wang H, Xia S, Xu E, et al. Suppressive effects 
of metformin on colorectal adenoma incidence and malignant 
progression. Pathology, research and practice. 2020; 216: 152775. 

76. Sabit H, Abdel-Ghany SE, OA MS, Mostafa MA, El-Zawahry M. 
Metformin Reshapes the Methylation Profile in Breast and Colorectal 
Cancer Cells. Asian Pacific journal of cancer prevention : APJCP. 2018; 
19: 2991-9. 

77. Wang QL, Santoni G, Ness-Jensen E, Lagergren J, Xie SH. Association 
Between Metformin Use and Risk of Esophageal Squamous Cell 
Carcinoma in a Population-Based Cohort Study. Am J Gastroenterol. 
2020; 115: 73-8. 

78. Kang J, Jeong SM, Shin DW, Cho M, Cho JH, Kim J. The Associations of 
Aspirin, Statins, and Metformin With Lung Cancer Risk and Related 
Mortality: A Time-Dependent Analysis of Population-Based Nationally 
Representative Data. J Thorac Oncol. 2021; 16: 76-88. 

79. Deng J, Peng M, Zhou S, Xiao D, Hu X, Xu S, et al. Metformin targets 
Clusterin to control lipogenesis and inhibit the growth of bladder cancer 
cells through SREBP-1c/FASN axis. Signal Transduct Target Ther. 2021; 
6: 98. 

80. Batsis JA, Villareal DT. Sarcopenic obesity in older adults: aetiology, 
epidemiology and treatment strategies. Nat Rev Endocrinol. 2018; 14: 
513-37. 

81. Björkhem-Bergman L, Asplund AB, Lindh JD. Metformin for weight 
reduction in non-diabetic patients on antipsychotic drugs: a systematic 
review and meta-analysis. Journal of psychopharmacology (Oxford, 
England). 2011; 25: 299-305. 

82. Kim EK, Lee SH, Jhun JY, Byun JK, Jeong JH, Lee SY, et al. Metformin 
Prevents Fatty Liver and Improves Balance of White/Brown Adipose in 
an Obesity Mouse Model by Inducing FGF21. Mediators Inflamm. 2016; 
2016: 5813030. 

83. Geerling JJ, Boon MR, van der Zon GC, van den Berg SA, van den Hoek 
AM, Lombes M, et al. Metformin lowers plasma triglycerides by 
promoting VLDL-triglyceride clearance by brown adipose tissue in mice. 
Diabetes. 2014; 63: 880-91. 

84. Zhang X, Zhao Y, Xu J, Xue Z, Zhang M, Pang X, et al. Modulation of gut 
microbiota by berberine and metformin during the treatment of high-fat 
diet-induced obesity in rats. Sci Rep. 2015; 5: 14405. 

85. Chinnapaka S, Yang KS, Flowers Q, Faisal M, Nerone WV, Rubin JP, et 
al. Metformin Improves Stemness of Human Adipose-Derived Stem 
Cells by Downmodulation of Mechanistic Target of Rapamycin (mTOR) 
and Extracellular Signal-Regulated Kinase (ERK) Signaling. 
Biomedicines. 2021; 9. 

86. Le Pelletier L, Mantecon M, Gorwood J, Auclair M, Foresti R, Motterlini 
R, et al. Metformin alleviates stress-induced cellular senescence of aging 
human adipose stromal cells and the ensuing adipocyte dysfunction. 
Elife. 2021; 10. 

87. Xiong W, Sun KY, Zhu Y, Zhang X, Zhou YH, Zou X. Metformin 
alleviates inflammation through suppressing FASN-dependent 
palmitoylation of Akt. Cell Death Dis. 2021; 12: 934. 

88. Duca FA, Cote CD, Rasmussen BA, Zadeh-Tahmasebi M, Rutter GA, 
Filippi BM, et al. Metformin activates a duodenal Ampk-dependent 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2738 

pathway to lower hepatic glucose production in rats. Nat Med. 2015; 21: 
506-11. 

89. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of 
AMP-activated protein kinase in mechanism of metformin action. J Clin 
Invest. 2001; 108: 1167-74. 

90. Wang Y, An H, Liu T, Qin C, Sesaki H, Guo S, et al. Metformin Improves 
Mitochondrial Respiratory Activity through Activation of AMPK. Cell 
Rep. 2019; 29: 1511-23 e5. 

91. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA, et al. 
The kinase LKB1 mediates glucose homeostasis in liver and therapeutic 
effects of metformin. Science. 2005; 310: 1642-6. 

92. Foretz M, Hebrard S, Leclerc J, Zarrinpashneh E, Soty M, Mithieux G, et 
al. Metformin inhibits hepatic gluconeogenesis in mice independently of 
the LKB1/AMPK pathway via a decrease in hepatic energy state. J Clin 
Invest. 2010; 120: 2355-69. 

93. Madiraju AK, Erion DM, Rahimi Y, Zhang XM, Braddock DT, Albright 
RA, et al. Metformin suppresses gluconeogenesis by inhibiting 
mitochondrial glycerophosphate dehydrogenase. Nature. 2014; 510: 
542-6. 

94. Postler TS, Peng V, Bhatt DM, Ghosh S. Metformin selectively dampens 
the acute inflammatory response through an AMPK-dependent 
mechanism. Sci Rep. 2021; 11: 18721. 

95. Koffert JP, Mikkola K, Virtanen KA, Andersson AD, Faxius L, Hallsten 
K, et al. Metformin treatment significantly enhances intestinal glucose 
uptake in patients with type 2 diabetes: Results from a randomized 
clinical trial. Diabetes Res Clin Pract. 2017; 131: 208-16. 

96. Chen EC, Liang X, Yee SW, Geier EG, Stocker SL, Chen L, et al. Targeted 
disruption of organic cation transporter 3 attenuates the pharmacologic 
response to metformin. Mol Pharmacol. 2015; 88: 75-83. 

97. Lin HZ, Yang SQ, Chuckaree C, Kuhajda F, Ronnet G, Diehl AM. 
Metformin reverses fatty liver disease in obese, leptin-deficient mice. Nat 
Med. 2000; 6: 998-1003. 

98. Kita Y, Takamura T, Misu H, Ota T, Kurita S, Takeshita Y, et al. 
Metformin prevents and reverses inflammation in a non-diabetic mouse 
model of nonalcoholic steatohepatitis. PLoS One. 2012; 7: e43056. 

99. Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen ZP, 
et al. Single phosphorylation sites in Acc1 and Acc2 regulate lipid 
homeostasis and the insulin-sensitizing effects of metformin. Nat Med. 
2013; 19: 1649-54. 

100. Xu T, Brandmaier S, Messias AC, Herder C, Draisma HH, Demirkan A, 
et al. Effects of metformin on metabolite profiles and LDL cholesterol in 
patients with type 2 diabetes. Diabetes Care. 2015; 38: 1858-67. 

101. Preiss D, Rankin N, Welsh P, Holman RR, Kangas AJ, Soininen P, et al. 
Effect of metformin therapy on circulating amino acids in a randomized 
trial: the CAMERA study. Diabet Med. 2016; 33: 1569-74. 

102. Walford GA, Davis J, Warner AS, Ackerman RJ, Billings LK, Chamarthi 
B, et al. Branched chain and aromatic amino acids change acutely 
following two medical therapies for type 2 diabetes mellitus. 
Metabolism. 2013; 62: 1772-8. 

103. Repas J, Zugner E, Gole B, Bizjak M, Potocnik U, Magnes C, et al. 
Metabolic profiling of attached and detached metformin and 
2-deoxy-D-glucose treated breast cancer cells reveals adaptive changes 
in metabolome of detached cells. Sci Rep. 2021; 11: 21354. 

104. Løvvik TS, Carlsen SM, Salvesen Ø, Steffensen B, Bixo M, Gómez-Real F, 
et al. Use of metformin to treat pregnant women with polycystic ovary 
syndrome (PregMet2): a randomised, double-blind, placebo-controlled 
trial. The lancet Diabetes & endocrinology. 2019; 7: 256-66. 

105. Lee S, Yu Y, Trimpert J, Benthani F, Mairhofer M, Richter-Pechanska P, et 
al. Virus-induced senescence is a driver and therapeutic target in 
COVID-19. Nature. 2021; 599: 283-9. 

106. Steenblock C, Schwarz PEH, Ludwig B, Linkermann A, Zimmet P, 
Kulebyakin K, et al. COVID-19 and metabolic disease: mechanisms and 
clinical management. The lancet Diabetes & endocrinology. 2021. 

107. Crouse AB, Grimes T, Li P, Might M, Ovalle F, Shalev A. Metformin Use 
Is Associated With Reduced Mortality in a Diverse Population With 
COVID-19 and Diabetes. Frontiers in endocrinology. 2020; 11: 600439. 

108. Luo P, Qiu L, Liu Y, Liu XL, Zheng JL, Xue HY, et al. Metformin 
Treatment Was Associated with Decreased Mortality in COVID-19 
Patients with Diabetes in a Retrospective Analysis. Am J Trop Med Hyg. 
2020; 103: 69-72. 

109. Cheng X, Liu YM, Li H, Zhang X, Lei F, Qin JJ, et al. Metformin Is 
Associated with Higher Incidence of Acidosis, but Not Mortality, in 
Individuals with COVID-19 and Pre-existing Type 2 Diabetes. Cell 
Metab. 2020; 32: 537-47.e3. 

110. Bettedi L, Foukas LC. Growth factor, energy and nutrient sensing 
signalling pathways in metabolic ageing. Biogerontology. 2017; 18: 
913-29. 

111. Smith HJ, Sharma A, Mair WB. Metabolic Communication and Healthy 
Aging: Where Should We Focus Our Energy? Dev Cell. 2020; 54: 196-211. 

112. Anisimov VN, Bartke A. The key role of growth hormone-insulin-IGF-1 
signaling in aging and cancer. Critical reviews in oncology/hematology. 
2013; 87: 201-23. 

113. Xu H, Zhou Y, Liu Y, Ping J, Shou Q, Chen F, et al. Metformin improves 
hepatic IRS2/PI3K/Akt signaling in insulin-resistant rats of NASH and 
cirrhosis. The Journal of endocrinology. 2016; 229: 133-44. 

114. Tanokashira D, Fukuokaya W, Taguchi A. Involvement of insulin 
receptor substrates in cognitive impairment and Alzheimer's disease. 
Neural regeneration research. 2019; 14: 1330-4. 

115. Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, 
et al. Rapamycin-induced insulin resistance is mediated by mTORC2 loss 
and uncoupled from longevity. Science. 2012; 335: 1638-43. 

116. Kalender A, Selvaraj A, Kim SY, Gulati P, Brûlé S, Viollet B, et al. 
Metformin, independent of AMPK, inhibits mTORC1 in a rag 
GTPase-dependent manner. Cell Metab. 2010; 11: 390-401. 

117. Van Nostrand JL, Hellberg K, Luo EC, Van Nostrand EL, Dayn A, Yu J, 
et al. AMPK regulation of Raptor and TSC2 mediate metformin effects 
on transcriptional control of anabolism and inflammation. Genes Dev. 
2020; 34: 1330-44. 

118. Cuyàs E, Verdura S, Llorach-Parés L, Fernández-Arroyo S, Joven J, 
Martin-Castillo B, et al. Metformin Is a Direct SIRT1-Activating 
Compound: Computational Modeling and Experimental Validation. 
Frontiers in endocrinology. 2018; 9: 657. 

119. Le Couteur DG, Solon-Biet SM, Parker BL, Pulpitel T, Brandon AE, Hunt 
NJ, et al. Nutritional reprogramming of mouse liver proteome is 
dampened by metformin, resveratrol, and rapamycin. Cell Metab. 2021; 
33: 2367-79.e4. 

120. Ren J, Zhang Y. Targeting Autophagy in Aging and Aging-Related 
Cardiovascular Diseases. Trends Pharmacol Sci. 2018; 39: 1064-76. 

121. Cai H, Han B, Hu Y, Zhao X, He Z, Chen X, et al. Metformin attenuates 
the Dgalactoseinduced aging process via the UPR through the 
AMPK/ERK1/2 signaling pathways. Int J Mol Med. 2020; 45: 715-30. 

122. Xu X, Sun Y, Cen X, Shan B, Zhao Q, Xie T, et al. Metformin activates 
chaperone-mediated autophagy and improves disease pathologies in an 
Alzheimer disease mouse model. Protein & cell. 2021. 

123. Wu H, Feng K, Zhang C, Zhang H, Zhang J, Hua Y, et al. Metformin 
attenuates atherosclerosis and plaque vulnerability by upregulating 
KLF2-mediated autophagy in apoE(-/-) mice. Biochem Biophys Res 
Commun. 2021; 557: 334-41. 

124. Tian R, Li R, Liu Y, Liu J, Pan T, Zhang R, et al. Metformin ameliorates 
endotoxemia-induced endothelial pro-inflammatory responses via 
AMPK-dependent mediation of HDAC5 and KLF2. Biochim Biophys 
Acta Mol Basis Dis. 2019; 1865: 1701-12. 

125. Bharath LP, Agrawal M, McCambridge G, Nicholas DA, Hasturk H, Liu 
J, et al. Metformin Enhances Autophagy and Normalizes Mitochondrial 
Function to Alleviate Aging-Associated Inflammation. Cell Metab. 2020; 
32: 44-55.e6. 

126. Konopka AR, Laurin JL, Schoenberg HM, Reid JJ, Castor WM, Wolff CA, 
et al. Metformin inhibits mitochondrial adaptations to aerobic exercise 
training in older adults. Aging Cell. 2019; 18: e12880. 

127. Karnewar S, Neeli PK, Panuganti D, Kotagiri S, Mallappa S, Jain N, et al. 
Metformin regulates mitochondrial biogenesis and senescence through 
AMPK mediated H3K79 methylation: Relevance in age-associated 
vascular dysfunction. Biochim Biophys Acta Mol Basis Dis. 2018; 1864: 
1115-28. 

128. Jang JY, Blum A, Liu J, Finkel T. The role of mitochondria in aging. J Clin 
Invest. 2018; 128: 3662-70. 

129. Murphy MP, Hartley RC. Mitochondria as a therapeutic target for 
common pathologies. Nat Rev Drug Discov. 2018; 17: 865-86. 

130. Feng J, Wang X, Ye X, Ares I, Lopez-Torres B, Martínez M, et al. 
Mitochondria as an important target of metformin: The mechanism of 
action, toxic and side effects, and new therapeutic applications. 
Pharmacological research. 2022; 177: 106114. 

131. Suwa M, Egashira T, Nakano H, Sasaki H, Kumagai S. Metformin 
increases the PGC-1alpha protein and oxidative enzyme activities 
possibly via AMPK phosphorylation in skeletal muscle in vivo. J Appl 
Physiol (1985). 2006; 101: 1685-92. 

132. Andrzejewski S, Klimcakova E, Johnson RM, Tabariès S, Annis MG, 
McGuirk S, et al. PGC-1α Promotes Breast Cancer Metastasis and 
Confers Bioenergetic Flexibility against Metabolic Drugs. Cell Metab. 
2017; 26: 778-87.e5. 

133. Aatsinki SM, Buler M, Salomäki H, Koulu M, Pavek P, Hakkola J. 
Metformin induces PGC-1α expression and selectively affects hepatic 
PGC-1α functions. British journal of pharmacology. 2014; 171: 2351-63. 

134. de Marañón AM, Canet F, Abad-Jiménez Z, Jover A, Morillas C, Rocha 
M, et al. Does Metformin Modulate Mitochondrial Dynamics and 
Function in Type 2 Diabetic Patients? Antioxid Redox Signal. 2021; 35: 
377-85. 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2739 

135. Wang Q, Zhang M, Torres G, Wu S, Ouyang C, Xie Z, et al. Metformin 
Suppresses Diabetes-Accelerated Atherosclerosis via the Inhibition of 
Drp1-Mediated Mitochondrial Fission. Diabetes. 2017; 66: 193-205. 

136. He L. Metformin and Systemic Metabolism. Trends Pharmacol Sci. 2020; 
41: 868-81. 

137. Tizazu AM, Nyunt MSZ, Cexus O, Suku K, Mok E, Xian CH, et al. 
Metformin Monotherapy Downregulates Diabetes-Associated 
Inflammatory Status and Impacts on Mortality. Frontiers in physiology. 
2019; 10: 572. 

138. Kanigur Sultuybek G, Soydas T, Yenmis G. NF-κB as the mediator of 
metformin's effect on ageing and ageing-related diseases. Clin Exp 
Pharmacol Physiol. 2019; 46: 413-22. 

139. Pickard JM, Zeng MY, Caruso R, Núñez G. Gut microbiota: Role in 
pathogen colonization, immune responses, and inflammatory disease. 
Immunological reviews. 2017; 279: 70-89. 

140. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor 
CP, et al. Age-Associated Microbial Dysbiosis Promotes Intestinal 
Permeability, Systemic Inflammation, and Macrophage Dysfunction. 
Cell Host Microbe. 2017; 21: 455-66.e4. 

141. O'Toole PW, Jeffery IB. Gut microbiota and aging. Science. 2015; 350: 
1214-5. 

142. de la Cuesta-Zuluaga J, Mueller NT, Corrales-Agudelo V, 
Velásquez-Mejía EP, Carmona JA, Abad JM, et al. Metformin Is 
Associated With Higher Relative Abundance of Mucin-Degrading 
Akkermansia muciniphila and Several Short-Chain Fatty 
Acid-Producing Microbiota in the Gut. Diabetes Care. 2017; 40: 54-62. 

143. Pryor R, Norvaisas P, Marinos G, Best L, Thingholm LB, Quintaneiro 
LM, et al. Host-Microbe-Drug-Nutrient Screen Identifies Bacterial 
Effectors of Metformin Therapy. Cell. 2019; 178: 1299-312.e29. 

144. Induri SNR, Kansara P, Thomas SC, Xu F, Saxena D, Li X. The Gut 
Microbiome, Metformin, and Aging. Annual review of pharmacology 
and toxicology. 2022; 62: 85-108. 

145. Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory 
and interactive factor in aging, disease risks, and protection. Science. 
2015; 350: 1193-8. 

146. Gao Z, Daquinag AC, Fussell C, Zhao Z, Dai Y, Rivera A, et al. 
Age-associated telomere attrition in adipocyte progenitors predisposes 
to metabolic disease. Nature metabolism. 2020; 2: 1482-97. 

147. Rosa E, Dos Santos RRC, Fernandes LFA, Neves FAR, Coelho MS, 
Amato AA. Leukocyte telomere length correlates with glucose control in 
adults with recently diagnosed type 2 diabetes. Diabetes Res Clin Pract. 
2018; 135: 30-6. 

148. Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, et al. 
Telomerase reactivation reverses tissue degeneration in aged 
telomerase-deficient mice. Nature. 2011; 469: 102-6. 

149. Bernardes de Jesus B, Schneeberger K, Vera E, Tejera A, Harley CB, 
Blasco MA. The telomerase activator TA-65 elongates short telomeres 
and increases health span of adult/old mice without increasing cancer 
incidence. Aging Cell. 2011; 10: 604-21. 

150. Diman A, Boros J, Poulain F, Rodriguez J, Purnelle M, Episkopou H, et 
al. Nuclear respiratory factor 1 and endurance exercise promote human 
telomere transcription. Sci Adv. 2016; 2: e1600031. 

151. Huang J, Peng X, Dong K, Tao J, Yang Y. The Association between 
Antidiabetic Agents and Leukocyte Telomere Length in the Novel 
Classification of Type 2 Diabetes Mellitus. Gerontology. 2021; 67: 60-8. 

152. Garcia-Martin I, Penketh RJA, Janssen AB, Jones RE, Grimstead J, Baird 
DM, et al. Metformin and insulin treatment prevent placental telomere 
attrition in boys exposed to maternal diabetes. PLoS One. 2018; 13: 
e0208533. 

153. Niedernhofer LJ, Gurkar AU, Wang Y, Vijg J, Hoeijmakers JHJ, Robbins 
PD. Nuclear Genomic Instability and Aging. Annual review of 
biochemistry. 2018; 87: 295-322. 

154. Na HJ, Park JS, Pyo JH, Lee SH, Jeon HJ, Kim YS, et al. Mechanism of 
metformin: inhibition of DNA damage and proliferative activity in 
Drosophila midgut stem cell. Mech Ageing Dev. 2013; 134: 381-90. 

155. Dogan Turacli I, Candar T, Yuksel EB, Kalay S, Oguz AK, Demirtas S. 
Potential effects of metformin in DNA BER system based on oxidative 
status in type 2 diabetes. Biochimie. 2018; 154: 62-8. 

156. Luizon MR, Eckalbar WL, Wang Y, Jones SL, Smith RP, Laurance M, et 
al. Genomic Characterization of Metformin Hepatic Response. PLoS 
genetics. 2016; 12: e1006449. 

157. Vazquez-Martin A, Oliveras-Ferraros C, Cufí S, Martin-Castillo B, 
Menendez JA. Metformin activates an ataxia telangiectasia mutated 
(ATM)/Chk2-regulated DNA damage-like response. Cell cycle 
(Georgetown, Tex). 2011; 10: 1499-501. 

158. Lahiguera Á, Hyroššová P, Figueras A, Garzón D, Moreno R, 
Soto-Cerrato V, et al. Tumors defective in homologous recombination 
rely on oxidative metabolism: relevance to treatments with PARP 
inhibitors. EMBO molecular medicine. 2020; 12: e11217. 

159. Xiao Y, Liu F, Kong Q, Zhu X, Wang H, Li S, et al. Metformin induces 
S-adenosylmethionine restriction to extend the Caenorhabditis elegans 
healthspan through H3K4me3 modifiers. Aging Cell. 2022: e13567. 

160. García-Calzón S, Perfilyev A, Martinell M, Ustinova M, Kalamajski S, 
Franks PW, et al. Epigenetic markers associated with metformin 
response and intolerance in drug-naïve patients with type 2 diabetes. Sci 
Transl Med. 2020; 12. 

161. Cuyàs E, Fernández-Arroyo S, Verdura S, García R, Stursa J, Werner L, et 
al. Metformin regulates global DNA methylation via mitochondrial 
one-carbon metabolism. Oncogene. 2018; 37: 963-70. 

162. Zhong T, Men Y, Lu L, Geng T, Zhou J, Mitsuhashi A, et al. Metformin 
alters DNA methylation genome-wide via the H19/SAHH axis. 
Oncogene. 2017; 36: 2345-54. 

163. Tang G, Guo J, Zhu Y, Huang Z, Liu T, Cai J, et al. Metformin inhibits 
ovarian cancer via decreasing H3K27 trimethylation. International 
journal of oncology. 2018; 52: 1899-911. 

164. Nie L, Shuai L, Zhu M, Liu P, Xie ZF, Jiang S, et al. The Landscape of 
Histone Modifications in a High-Fat Diet-Induced Obese (DIO) Mouse 
Model. Molecular & cellular proteomics : MCP. 2017; 16: 1324-34. 

165. Noren Hooten N, Martin-Montalvo A, Dluzen DF, Zhang Y, Bernier M, 
Zonderman AB, et al. Metformin-mediated increase in DICER1 regulates 
microRNA expression and cellular senescence. Aging Cell. 2016; 15: 
572-81. 

166. Belloni L, Di Cocco S, Guerrieri F, Nunn ADG, Piconese S, Salerno D, et 
al. Targeting a phospho-STAT3-miRNAs pathway improves vesicular 
hepatic steatosis in an in vitro and in vivo model. Sci Rep. 2018; 8: 13638. 

167. Yuan J, Liu Y, Zhou L, Xue Y, Lu Z, Gan J. YTHDC2-Mediated 
circYTHDC2 N6-Methyladenosine Modification Promotes Vascular 
Smooth Muscle Cells Dysfunction Through Inhibiting Ten-Eleven 
Translocation 2. Frontiers in cardiovascular medicine. 2021; 8: 686293. 

168. Jia W, Zhou Y, Sun L, Liu J, Cheng Z, Zhao S. Potential Effects of 
Metformin on the Vitality, Invasion, and Migration of Human Vascular 
Smooth Muscle Cells via Downregulating lncRNA-ATB. Dis Markers. 
2022; 2022: 7480199. 

169. Ning W, Muroyama A, Li H, Lechler T. Differentiated Daughter Cells 
Regulate Stem Cell Proliferation and Fate through Intra-tissue Tension. 
Cell stem cell. 2021; 28: 436-52.e5. 

170. Fang J, Yang J, Wu X, Zhang G, Li T, Wang X, et al. Metformin alleviates 
human cellular aging by upregulating the endoplasmic reticulum 
glutathione peroxidase 7. Aging Cell. 2018; 17: e12765. 

171. Neumann B, Baror R, Zhao C, Segel M, Dietmann S, Rawji KS, et al. 
Metformin Restores CNS Remyelination Capacity by Rejuvenating Aged 
Stem Cells. Cell stem cell. 2019; 25: 473-85.e8. 

172. Na HJ, Pyo JH, Jeon HJ, Park JS, Chung HY, Yoo MA. Deficiency of Atg6 
impairs beneficial effect of metformin on intestinal stem cell aging in 
Drosophila. Biochem Biophys Res Commun. 2018; 498: 18-24. 

173. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from 
mechanisms of action to therapies. Cell Metab. 2014; 20: 953-66. 

174. Chen M, Zhang C, Zhou N, Wang X, Su D, Qi Y. Metformin alleviates 
oxidative stress-induced senescence of human lens epithelial cells via 
AMPK activation and autophagic flux restoration. J Cell Mol Med. 2021; 
25: 8376-89. 

175. Jiang X, Ruan XL, Xue YX, Yang S, Shi M, Wang LN. Metformin Reduces 
the Senescence of Renal Tubular Epithelial Cells in Diabetic 
Nephropathy via the MBNL1/miR-130a-3p/STAT3 Pathway. Oxid Med 
Cell Longev. 2020; 2020: 8708236. 

176. Nafisa A, Gray SG, Cao Y, Wang T, Xu S, Wattoo FH, et al. Endothelial 
function and dysfunction: Impact of metformin. Pharmacol Ther. 2018; 
192: 150-62. 

177. Feng X, Chen W, Ni X, Little PJ, Xu S, Tang L, et al. Metformin, 
Macrophage Dysfunction and Atherosclerosis. Front Immunol. 2021; 12: 
682853. 

178. Śmieszek A, Stręk Z, Kornicka K, Grzesiak J, Weiss C, Marycz K. 
Antioxidant and Anti-Senescence Effect of Metformin on Mouse 
Olfactory Ensheathing Cells (mOECs) May Be Associated with Increased 
Brain-Derived Neurotrophic Factor Levels-An Ex vivo Study. Int J Mol 
Sci. 2017; 18. 

179. Menendez JA, Cufí S, Oliveras-Ferraros C, Martin-Castillo B, Joven J, 
Vellon L, et al. Metformin and the ATM DNA damage response (DDR): 
accelerating the onset of stress-induced senescence to boost protection 
against cancer. Aging (Albany NY). 2011; 3: 1063-77. 

180. Williams CC, Singleton BA, Llopis SD, Skripnikova EV. Metformin 
induces a senescence-associated gene signature in breast cancer cells. 
Journal of health care for the poor and underserved. 2013; 24: 93-103. 

181. Garber AJ, Duncan TG, Goodman AM, Mills DJ, Rohlf JL. Efficacy of 
metformin in type II diabetes: results of a double-blind, 
placebo-controlled, dose-response trial. Am J Med. 1997; 103: 491-7. 



Theranostics 2022, Vol. 12, Issue 6 
 

 
https://www.thno.org 

2740 

182. Mai QG, Zhang ZM, Xu S, Lu M, Zhou RP, Zhao L, et al. Metformin 
stimulates osteoprotegerin and reduces RANKL expression in 
osteoblasts and ovariectomized rats. J Cell Biochem. 2011; 112: 2902-9. 

183. Kanazawa I, Yamaguchi T, Yano S, Yamauchi M, Sugimoto T. Metformin 
enhances the differentiation and mineralization of osteoblastic 
MC3T3-E1 cells via AMP kinase activation as well as eNOS and BMP-2 
expression. Biochem Biophys Res Commun. 2008; 375: 414-9. 

184. Niu C, Chen Z, Kim KT, Sun J, Xue M, Chen G, et al. Metformin 
alleviates hyperglycemia-induced endothelial impairment by 
downregulating autophagy via the Hedgehog pathway. Autophagy. 
2019; 15: 843-70. 

185. Sanchis A, García-Gimeno MA, Cañada-Martínez AJ, Sequedo MD, 
Millán JM, Sanz P, et al. Metformin treatment reduces motor and 
neuropsychiatric phenotypes in the zQ175 mouse model of Huntington 
disease. Exp Mol Med. 2019; 51: 1-16. 

186. Wang R, Kim BV, van Wely M, Johnson NP, Costello MF, Zhang H, et al. 
Treatment strategies for women with WHO group II anovulation: 
systematic review and network meta-analysis. Bmj. 2017; 356: j138. 

187. Charytan DM, Solomon SD, Ivanovich P, Remuzzi G, Cooper ME, 
McGill JB, et al. Metformin use and cardiovascular events in patients 
with type 2 diabetes and chronic kidney disease. Diabetes Obes Metab. 
2019; 21: 1199-208. 

188. Arrieta O, Barrón F, Padilla MS, Avilés-Salas A, Ramírez-Tirado LA, 
Arguelles Jiménez MJ, et al. Effect of Metformin Plus Tyrosine Kinase 
Inhibitors Compared With Tyrosine Kinase Inhibitors Alone in Patients 
With Epidermal Growth Factor Receptor-Mutated Lung 
Adenocarcinoma: A Phase 2 Randomized Clinical Trial. JAMA oncology. 
2019; 5: e192553. 

189. Jagannathan S, Abdel-Malek MA, Malek E, Vad N, Latif T, Anderson 
KC, et al. Pharmacologic screens reveal metformin that suppresses 
GRP78-dependent autophagy to enhance the anti-myeloma effect of 
bortezomib. Leukemia. 2015; 29: 2184-91. 

190. Soliman PT, Westin SN, Iglesias DA, Fellman BM, Yuan Y, Zhang Q, et 
al. Everolimus, Letrozole, and Metformin in Women with Advanced or 
Recurrent Endometrioid Endometrial Cancer: A Multi-Center, Single 
Arm, Phase II Study. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2020; 26: 581-7. 

191. Tseng HW, Li SC, Tsai KW. Metformin Treatment Suppresses Melanoma 
Cell Growth and Motility Through Modulation of microRNA 
Expression. Cancers. 2019; 11. 

192. Thakur S, Daley B, Gaskins K, Vasko VV, Boufraqech M, Patel D, et al. 
Metformin Targets Mitochondrial Glycerophosphate Dehydrogenase to 
Control Rate of Oxidative Phosphorylation and Growth of Thyroid 
Cancer In vitro and In vivo. Clinical cancer research : an official journal of 
the American Association for Cancer Research. 2018; 24: 4030-43. 

193. Zhao B, Luo J, Wang Y, Zhou L, Che J, Wang F, et al. Metformin 
Suppresses Self-Renewal Ability and Tumorigenicity of Osteosarcoma 
Stem Cells via Reactive Oxygen Species-Mediated Apoptosis and 
Autophagy. Oxid Med Cell Longev. 2019; 2019: 9290728. 

194. Tseng CH. Metformin and primary bone cancer risk in Taiwanese 
patients with type 2 diabetes mellitus. Bone. 2021; 151: 116037. 

195. DeWaal D, Nogueira V, Terry AR, Patra KC, Jeon SM, Guzman G, et al. 
Hexokinase-2 depletion inhibits glycolysis and induces oxidative 
phosphorylation in hepatocellular carcinoma and sensitizes to 
metformin. Nat Commun. 2018; 9: 446. 

196. Lee CK, Jung M, Jung I, Heo SJ, Jeong YH, An JY, et al. Cumulative 
Metformin Use and Its Impact on Survival in Gastric Cancer Patients 
After Gastrectomy. Annals of surgery. 2016; 263: 96-102. 

197. Ma L, Wei J, Wan J, Wang W, Wang L, Yuan Y, et al. Low glucose and 
metformin-induced apoptosis of human ovarian cancer cells is 
connected to ASK1 via mitochondrial and endoplasmic reticulum 
stress-associated pathways. J Exp Clin Cancer Res. 2019; 38: 77. 

198. Tseng CH. Use of metformin and risk of kidney cancer in patients with 
type 2 diabetes. European journal of cancer (Oxford, England : 1990). 
2016; 52: 19-25. 

199. Kincius M, Patasius A, Linkeviciute-Ulinskiene D, Zabuliene L, Smailyte 
G. Reduced risk of prostate cancer in a cohort of Lithuanian diabetes 
mellitus patients. The aging male : the official journal of the International 
Society for the Study of the Aging Male. 2020; 23: 1333-8. 


