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Even though the inevitable process of aging by itself cannot be considered a disease, it is
directly linked to life span and is the driving force behind all age-related diseases. It is an
undisputable fact that age-associated diseases are among the leading causes of death in the
world, primarily in industrialized countries. During the last several years, an intensive search
of antiaging treatments has led to the discovery of a variety of drugs that promote health span
and/or life extension. The biguanide compoundmetformin iswidely used for treating people
with type 2 diabetes and appears to show protection against cancer, inflammation, and age-
related pathologies. Here, we summarize the recent developments about metformin use in
translational aging research and discuss its role as a potential geroprotector.

O
ver the past two decades, metformin has

emerged as the first-line treatment for peo-

plewith type 2 diabetes (T2DM) and is themost

widely prescribed antidiabetic drug in theworld

(American Diabetes Association 2014). In addi-

tion to its use in T2DM, metformin is being

prescribed for the treatment of polycystic ovary

syndrome, diabetic nephropathy, and gestation-

al diabetes, and has shown early promise as a

treatment for cancer. Historically, despite its

well-accepted antidiabetic properties in the

1950s, and use for hyperglycemia treatment in

England in 1958, metformin remained contra-

indicated largely because of concerns about lac-

tic acidosis and it was not approved by the U.S.

Food and Drug Administration until 1994 (Bai-

ley and Turner 1996; Mahmood et al. 2013). We

now know that the rare event of lactic acidosis

occurs in.0.01 to 0.08 cases (average, 0.03) per

1000 patient-years caused by an insufficient

metformin clearance by the kidneys (Bailey

and Turner 1996). Therefore, the risk of side

effects is relatively low in comparison to the

multiple benefits of metformin.

The exactmolecularmechanisms ofmetfor-

min’s therapeutic action still remain unknown.

Metformin is a biguanide compound originally

derived from a guanidine derivative found in

the plant Galega officinalis. It acts as an insulin

sensitizer and exerts its principal metabolic ac-

tion on the liver. In addition to its glucoregula-

tory action, metformin has gained attention for

its pleiotropic effects and activity in a variety of

tissues, such as muscles, adipose tissue, ovary,
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endothelium, and brain (Diamanti-Kandarakis

et al. 2010; Foretz et al. 2014). Food intake

(Adeyemo et al. 2014; Pernicova and Korbonits

2014) and body weight (Glueck et al. 2001) are

decreased as a result of a direct action of met-

formin on the hypothalamic centers regulating

satiety and feeding (Stevanovic et al. 2012);

it may also influence metabolic and cellular

processes associated with the development of

chronic conditions of aging, including inflam-

mation, fatty liver, oxidative damage, protein

glycation, cellular senescence, diminished au-

tophagy, apoptosis, and development of several

types of cancer (Isoda et al. 2006; Kita et al. 2012;

Hirsch et al. 2013; Woo et al. 2014). A number

of recent studies support the role of metformin

in improving health span and life span in differ-

ent animal models (Anisimov et al. 2011; Cab-

reiro et al. 2013; Martin-Montalvo et al. 2013;

Anisimov 2014; De Haes et al. 2014). The pos-

sibility exists, therefore, for similar beneficial ac-

tions of metformin in human health and lon-

gevity.

The purpose of this article is to review the

role of metformin as a possible geroprotector

drug. We will try to summarize recent evidence

for the antiaging properties of metformin, the

molecular mechanisms implicated in this role,

and, finally, discuss new (research opportuni-

ties) directions to better understand the trans-

lational potential of metformin.

HOW DOES METFORMIN WORK?

Metformin is excreted intact in the urine, with-

out being metabolized by the liver or kidney.

About 50%–60% of an oral dose is absorbed

into the systemic circulation and distributed in

most tissues at similar concentrations, although

higher concentrations are found in gastrointes-

tinal tract, liver, and kidney (Bailey and Turner

1996; Gong et al. 2012; Pawlyk et al. 2014). Age,

gender, nutritional status, lifestyle, and genetic

variations represent some of the factors that in-

fluence metformin’s susceptibility and distribu-

tion to target tissues. For instance, membrane

transporter polymorphism is a key determinant

in the pharmacokinetic properties of this drug

(Chen et al. 2013; Pawlyk et al. 2014). Metfor-

min exerts its therapeutic effects, through a

number of mechanisms and physiological path-

ways that resemble those generated by caloric

restriction (CR), an experimental model known

to extend life span and health span in various

organisms. Indeed, microarray analyses have

shown that metformin induces the same gene

expression profile as CR (Dhahbi et al. 2005;

Spindler 2006; Martin-Montalvo et al. 2013),

despite no reduction in food intake (Mercken

et al. 2012; de Cabo et al. 2014).

The inhibition of hepatic gluconeogenesis

and lipogenesis by metformin occurs via alter-

ations in cellular energetics. The decrease in cel-

lular respiration that results from metformin’s

inhibition of mitochondrial complex I activity

(El-Mir et al. 2000; Owen et al. 2000) yields

lower ATP levels. Although the interaction with

mitochondrial copper ion appears essential for

the metabolic effects of metformin (Logie et al.

2012), more still needs to be learned about

whether the drug inhibits respiration through

direct or indirect action (Fontaine 2014). The

nonclassical effects of metformin on the expres-

sion of glucose transporters and glycolytic en-

zymes (up-regulation) result indirectly from

mitochondrial respiratory chain inhibition

(Owen et al. 2000). This inhibition of the elec-

tron transport chain (Batandier et al. 2006;

Guarente 2008) combined with the induction

of antioxidant gene expression by the SKN-1/
Nrf2 transcription pathway (Onken and Dris-

coll 2010) provides mechanistic insights into

metformin’s role in lowering the production

of reactive oxygen species (ROS). AMP-activat-

ed protein kinase (AMPK) is a key sensor of

energy status that regulates metabolic energy

balance at whole-body level (Hardie et al.

2012). The increase in AMP/ATP and ADP/
ATP ratios stimulates AMPK (Stephenne et al.

2011); however, metformin can activate AMPK

without eliciting detectable changes in AMP,

ADP, and ATP levels (Hawley et al. 2002). It

was later determined that the tumor suppressor

protein LKB1 (alternatively termed SK11) was

responsible for the activating phosphorylation

of AMPK in response to metformin (Shaw et al.

2005). Indeed, the LKB1–AMPK pathway con-

trols the expression of key hepatic gluconeo-
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genic genes by regulating the transcriptional co-

activator cAMP-response element-binding pro-

tein (CREB)-regulated transcription coactivator

2 (CRTC2, also known as TORC2) (Shaw et al.

2005), a key regulator of fasting glucose metab-

olism (Koo et al. 2005). The role of LKB1–

AMPK as mediator of metformin’s action on

hepatic gluconeogenesis and lipogenesis (Zhou

et al. 2001; Zou et al. 2004; Shaw et al. 2005) was

put to test in studies using conditional Ampk

knockoutmice (Foretz et al. 2010).Theobserved

inhibition of glucononeogenesis, independent

of LKB1–AMPK signaling, was accompanied

by a decrease in hepatic energy state in response

to concentrations of metformin that were far

higher than those reached in hepatic portal

vein after standard treatment (Foretz et al.

2010).When therapeutic concentrationsofmet-

forminwere tested, hepatic gluconeogenesis was

suppressed via AMPK activation (Cao et al.

2014) and formation of AMPK abg complexes

(Meng et al. 2014). The ability of AMPK to im-

prove lipid metabolism helps explain the reduc-

tion in hepatic steatosis by metformin (Woo

et al. 2014), which requires the inhibitory phos-

phorylation of acetyl-CoA carboxylase (ACC)

by AMPK, an essential step toward the lipid-

lowering and insulin-sensitizing effects of met-

formin (Fullerton et al. 2013). Moreover, met-

formin treatment decreases the levels of sterol

regulatory element-binding protein 1 (SREBP-

1), a key lipogenic transcription factor, via direct

phosphorylation by AMPK (Zhou et al. 2001; Li

et al. 2011). The regulation of lipid metabolism

by metformin also takes place by enhancing the

fatty acid b-oxidation pathway (Collier et al.

2006). New molecular mechanisms by which

metformin inhibits hepatic gluconeogenesis

have been proposed and include the ability of

the drug to inhibit adenylate cyclase through

AMPaccumulation, thereby blocking the gluca-

gon-signaling pathway (Miller et al. 2013), and

direct inhibition ofmitochondrial glycerophos-

phate dehydrogenase (mGPD) (Madiraju et al.

2014). In the latter study, metformin-mediated

mGPD inhibition was accompanied by lower

mitochondrial NADH/NADþ ratios, a result

inconsistent with prior reports showing that

complex I inhibition by metformin increased

this ratio (Owen et al. 2000). The different doses

and route of administration of metformin be-

tween the two studies might explain these dis-

crepancies (Baur and Birnbaum 2014).

Another potential mechanism through

whichmetformin inhibits hepatic gluconeogen-

esis is the down-modulated expression of genes

encoding for the gluconeogenic enzymes, phos-

phoenolpyruvate carboxykinase (PEPCK), and

glucose-6-phosphatase (G6Pase), a molecular

mechanism that requires AMPK-mediated up-

regulation of orphan nuclear receptor short het-

erodimer partner (SHP) expression (Kim et al.

2008). Additionally, metformin improves glu-

cose homeostasis by promoting an increase in

insulin-independent phosphorylation of insu-

lin receptor and insulin receptor substrates

(IRS)-1 and (IRS)-2, and subsequent transloca-

tion of glucose transporters GLUT4 to the plas-

ma membrane (Gunton et al. 2003; Yuan et al.

2003). The regulation of the incretin hormone

(e.g., glucagon-like peptide 1) and insulin secre-

tory responses with metformin treatment has

been reported (Cho and Kieffer 2011; Maida

et al. 2011; Kim et al. 2014).

Metformin also acts as an inhibitor of

mechanistic target of rapamycin complex 1

(mTORC1) through AMPK-dependent and

-independent mechanisms. AMPK activation by

metformin inhibits the protein kinase mTOR,

thus preventing the phosphorylation of down-

stream targets, including S6K, rpS6, and 4E-BP1

(Dowling et al. 2007). Inhibition of theRas-relat-

ed GTP binding (Rag) GTPases (Kalender et al.

2010) and up-regulation of REDD1, a hypoxia-

inducible factor 1 (HIF-1) target (Shoshani et al.

2002; Ben Sahra et al. 2011), are among the

AMPK-independentmechanisms bywhichmet-

formin inhibits mTORC1 signaling. Because of

the many faces of mTOR in life span andmetab-

olism, it is intriguing thatmetforminmayact as a

potential therapeutic drug for the treatment of

aging and age-related diseases, such as cancer

and metabolic syndrome (Johnson et al. 2013).

METFORMIN AS AN ANTI-AGING DRUG

Recent reviews have reported the geroprotec-

tive effects of biguanides, mainly metformin,

Metformin
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because of its superior safety profile (Bulterijs

2011; Berstein 2012; Miles et al. 2014). As indi-

cated earlier, metformin treatment enhances

insulin sensitivity, induces glycolysis, and sup-

presses hepatic gluconeogenesis. There is some

evidence that metformin may also have cardio-

protective effects (Eurich et al. 2013; Hong et al.

2013) and contribute to the prevention of some

forms of human cancer (Cazzaniga et al. 2013;

Anisimov 2014; Laskov et al. 2014). This thera-

peutic profile of metformin supports its use for

age-related diseases and longevity. Of sig-

nificance,many studies have confirmed the pos-

itive effect of metformin on life span of worms,

flies, mice, and rats. Moreover, diabetic and car-

diovascular disease patients who are prescribed

metformin have increased rates of survival

(Scarpello 2003; Yin et al. 2013), and it was

recently proposed that metformin might pro-

mote longevity by preventing frailty in older

adults with T2DM (Wang et al. 2014). Chronic

treatment with metformin among patients with

diabetes might reduce the risk of cognitive de-

cline and dementia (Ng et al. 2014; Patrone et al.

2014) and improve survival in several types of

cancer (Greenhill 2015; Ko et al. 2015; Lin et al.

2015; Rego et al. 2015).

STUDIES IN INVERTEBRATE MODELS

Many molecular mechanisms implicated in ag-

ing and age-related diseases have been elucidat-

ed in Caenorhabditis elegans, an experimental

model widely used for the identification of

new pharmacological agents capable of delaying

the aging process (Olsen et al. 2006; Lapierre

and Hansen 2012). Metformin supplementa-

tion (50 mM dose) was found to increase the

mean life span of C. elegans by about 40% with-

out maximum life span extension. This increase

in health span hadCR-like features that involved

activation of the LKB1–AMPK–SKN1 pathway

both inwild-typeworms and inmutant animals

with disrupted insulin pathway (Onken and

Driscoll 2010). The increase in carbohydrate

levels in metformin-treated worms provides a

good source of ATP to better survive 2 to 3 d

of anoxia exposure through a mechanism that

depends on specific AMPK subunits (LaRue

and Padilla 2011). Active bacterial metabolism

is a critical nutritional requirement for C. ele-

gans life span (Lenaerts et al. 2008; Cabreiro and

Gems 2013). Biguanide-treated worms lived

longer (≏30% increase compared with their

normal life span) only when cultured with a

Escherichia coli strain sensitive to the drug,

which contrasts with the pathogenic effects of

drug-resistant bacteria on nematode health and

aging. An alteration in microbial folate andme-

thioninemetabolismhelps explain the extended

longevity, which is consistent with the notion

that metformin is a CR-mimetic drug. Metfor-

min is primarily used for the management of

hyperglycemia in T2DM, which led Cabreiro

and colleagues to test whether high glucose ad-

versely affected bacterial growth inhibition by

metformin and, consequently, C. elegans lon-

gevity. The reduction in metformin-induced

life span extension in response to glucose sup-

plementation led the investigators to suggest

that altering gut microbiota might represent a

new therapeutic approach for delaying aging

and the treatment of age-related diseases (Ca-

breiro et al. 2013). Conversely, glucose restriction

extends C. elegans life span by inducing mito-

hormesis, a physiological process based on mi-

tochondrial oxidative stress (Schulz et al. 2007;

Zarse et al. 2012). Of significance, metformin-

treated nematodes showed increased respiration

and higher ROS production, consistent with the

generation of a mitohormetic signal (De Haes

et al. 2014). These investigators established that

the mitohormetic signal was propagated by the

hydrogen peroxide scavenger peroxiredoxin

PRDX-2, whose expression was up-regulated

after metformin treatment, and deletion of the

prdx2 gene led to decreased overall life expec-

tancy. C. elegans treated with metformin also

had a youthful morphology for a longer time,

which contributed to their improved health

span (De Haes et al. 2014).

The beneficial effects of metformin on the

life span of nematodes do not appear to be evo-

lutionarily conserved in Drosophila. AMPK ac-

tivation increases life span in Drosophila (Toh-

yama and Yamaguchi 2010; Stenesen et al.

2013), and metformin treatment reduces lipid

storage via robust activation of AMPKwithout

M.G. Novelle et al.
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promoting longevity in either male or female

flies. Perturbations in intestinal homeostasis

may be responsible for metformin toxicity in

flies when taken in high enough doses (Slack

et al. 2012) and when different antidiabetic

compounds were tested for their potential an-

tiaging properties (Jafari et al. 2007). In the lat-

ter study, metformin given in doses of 0.4, 0.8,

and 1.6 mg/ml did not decrease the mortality

rate in flies (Jafari et al. 2007). Even though the

prolongevity effects of metformin have yet to be

found, this drug can inhibit age- and oxidative-

stress-induced DNAdamage and delay stem cell

aging in Drosphilia (Na et al. 2013).

STUDIES IN RODENT MODELS

C57BL/6J mice and Fisher 344 (F344) rats are

the preferred strains of rodents for use in geron-

tological studies (Anisimov et al. 2012). The

physiology of these animals, mainly at the cel-

lular level, is very similar to humans, which al-

lows the study of various compounds for their

life extending properties and the extrapolation

of these findings to human aging. The sole pub-

lication on the impact of metformin in rat lon-

gevity indicated a lack of effect of the biguanine

on mean life span and mean of the last surviv-

ing 10% male F344 rats, compelling the in-

vestigators to question the claims about met-

formin acting as a CR-mimetic drug (Smith

et al. 2010). However, this strain of rats is resis-

tant to the health benefits of CR and, thus, may

provide a partial explanation for the lack of pro-

longevity effects of metformin in F344 rats

(Smith et al. 2010). This study was rather incon-

clusive and new approaches will be required to

determine whether metformin can prolong life

span in rats.

More studies were performed in different

mouse strains using male and female animals.

In general, female mice responded better to

metformin vis-à-vis mean life span extension,

as compared with male mice and rats. Metfor-

min treatment (100 mg/kg in drinking water

for 5 consecutive days every month) signifi-

cantly increased mean (þ8%) and maximal

life span (þ9%) of short-lived, cancer-prone

female HER-2/neu transgenic mice (strain

FVB/N carrying a HER-2/neu oncogene) with

significant reduction in the mean size and accu-

mulation of mammary adenocarcinoma (Ani-

simov et al. 2005a,b). When combined with

melatonin, metformin inhibited the growth of

a HER2 mammary tumor and Ehrlich tumor

growth in mice, whereas metformin treatment

alone was shown to slow down the development

of spontaneous mammary tumors and increase

mean life span in female HER-2/neu transgenic
mice (Anisimov et al. 2010a).

The geroprotective effects ofmetformin and

its ability to suppress spontaneous tumorigen-

esis were also observed in other mouse strains.

Long-term treatment with metformin sig-

nificantly increased mean (þ37.9%) and max-

imum life span (þ10.3%) of female outbred

SHR mice, and slowed down the age-associated

disturbances in the estrous function without

impacting on body weight or food intake (Ani-

simov et al. 2008). However, metformin treat-

ment did not alter the incidence or mean laten-

cy of tumors, an unexpected finding that was

attributed to the inherent genetic makeup of the

SHR mouse strain. Nevertheless, this result em-

phasizes the fact that metformin can prolong

life independently of its ability to suppress can-

cer (Blagosklonny and Campisi 2008). It is in-

teresting to note that the responsiveness of fe-

male SHR mice to the prolongevity effects of

metformin was dependent of the age of the an-

imals at the onset of treatment. An increase in

the mean life span was observed when met-

formin treatment was started at the age of 3 or

9 mo (þ14.1% and þ6.1%, respectively), but

not at 15 mo of age (Anisimov et al. 2011).

Focusing the analysis on tumor-free mice only,

there was a significant increase (20.7% and

7.1%) but significant reduction (212.8%) in

mean life span when metformin administration

was initiated in 3-, 9-, and 15-mo-old animals,

respectively.

The possibility that metformin can improve

the outcomes of two neurological disorders was

investigated both in male and female mice. In

the first study, different metformin doses (0, 2,

or 5 mg/ml) were given in the drinking water of

5-wk-old transgenic mice with Huntington’s

disease (the R6/2 line with ≏150 glutamine

Metformin
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repeats) (Ma et al. 2007). The investigators ob-

served that metformin, only at 2 mg/ml, signif-

icantly increased mean life span (þ20.1%) and

decreased the duration of hind limb clasping, a

phenotypic marker of motor defect, in male but

not female animals. In the second study, three

doses of metformin (0.5, 2, and 5 mg/ml) were

given in the drinking water of male and female

SOD1G93A mice (transgenic model of amyotro-

phic lateral sclerosis [ALS]) from 35 d of age

(Kaneb et al. 2011). Metformin treatment had

no effect on disease onset, progression or sur-

vival in male SOD1G93A mice at any dose while

eliciting a dose-dependent negative neurologi-

cal response in females owing to metformin’s

ability to inhibit estrogen production (Rice

et al. 2009). Inhibition of estrogen can accelerate

ALS progression and reduce life span in female

SOD1G93Amice (Choi et al. 2008). All treatment

groups appeared to weigh less and displayed no

significant differences in their life span, as com-

pared with control mice. However, a tendency

toward increased survival was observed with re-

duction in the dose of metformin (Kaneb et al.

2011).

The notion that the prolongevity effects of

metformin depend on the developmental stage

of the animal at the onset of treatment was fur-

ther explored in inbred male and female 129/Sv
mice (Anisimov et al. 2010b). Addition of met-

formin (100 mg/kg) in drinking water of 3-mo-

old male animals elicited a significant decrease

in mean life span (213.4%) without affecting

maximum life span. A higher incidence of chro-

mosome aberrations was also noted in metfor-

min-treated male mice. In females, metformin

did not influence maximum life span, but it

slightly increased mean and median life span

by 4.4% and 7.8%, respectively, with a sig-

nificant reduction in the total incidence of ma-

lignant tumors. However, an increase of benign

angiogenic tumors was observed in metformin-

treated female mice (Anisimov et al. 2010b).

The reasons for these gender-specific differenc-

es on metformin responses are still under study

and may be attributed to the fact that males and

females have differentmechanisms of aging. Po-

tential gender-related variability in outcomes

are exemplified by the next series of reports.

Deletion of ribosomal S6 protein kinase 1

(S6K1), a component of the mTOR pathway,

significantly increased the life span of female

C57BL/6 mice (þ20.4%) without changes

in that of male animals (Selman et al. 2009).

Subcutaneous administration of metformin

(100 mg/kg body weight) in 3-, 5-, and 7-d-

old 129/Sv mouse pups caused an inversion of

the gender response to the prolongevity effects

of the drug (Anisimov et al. 2015). These inves-

tigators reported an increase in mean life span

(þ20%) and a slight maximum life span exten-

sion (þ3.5%) inmales who receivedmetformin

neonatally, while a decrease in mean and medi-

an life span (29.1% and213.8%, respectively)

without significant differences in maximum life

span was observed when female mouse pups

were treated with metformin, as compared with

control animals. The neonatal period is critical

for the development of the hypothalamic cir-

cuits that control energy homeostasis (Contre-

ras et al. 2013) and it has been suggested that

reprogramming of these circuits, especially the

mTOR-signaling pathway, may be part of the

aging process (Blagosklonny 2013). Many as-

pects of aging are controlled by the hypothala-

mus, and alteration of hypothalamic pathways

might allow the manifestations of aging to be

modified (Zhang et al. 2013).

The long-term effects of metformin supple-

mentation (0.1% and 1% w/w) in the food was

performed in male C57BL/6 mice, starting

from the age of 54 wk for the remainder of their

lives (Martin-Montalvo et al. 2013). The mean

life span of mice supplemented with 0.1% met-

formin increased by 5.83%, while that of mice

on 1% metformin was significantly reduced

(214.4%), likely caused by renal failure. Diet

supplementation with 0.1% metformin tended

to preserve body weight with advancing age, a

condition known to increase longevity in mice

(Pearson et al. 2008). There were no significant

differences in the numberof pathologies inmice

on 0.1% metformin; however, liver cancer inci-

dence was significantly reduced with 1% met-

formin supplementation (3.3% vs. 26.5% in

metformin- and vehicle-treated mice, respec-

tively) (Martin-Montalvo et al. 2013). An im-

provement in physical performance and glucose
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homeostasis combined with increased insulin

sensitivity, and a reduction in low-density lipo-

protein and cholesterol levels occurred in 0.1%

metformin-fed mice without a decrease in ca-

loric intake. By preserving overall health span in

mice, metformin may prevent the development

of metabolic syndrome through significant re-

duction in oxidative stress and chronic inflam-

mation (Martin-Montalvo et al. 2013). These

investigators reported similar gene expression

patterns in the liver (and skeletal muscle) of

mice fed 40% CR and 0.1% metformin, rein-

forcing the role of metformin as a CR mimetic

(Mercken et al. 2012; de Cabo et al. 2014). Of

significance, the prolongevity effect of metfor-

minwas observed also in a second strain of male

mice (hybrid B6C3F1), with a 4.15% increase in

mean life span in response to 0.1% metformin

supplementation in the diet (Martin-Montalvo

et al. 2013).

CONCLUSIONS AND PERSPECTIVES

According to recent published data in different

animal models, metformin appears to be a

promising candidate as a life-extending drug

(Fig. 1). This compound is generally well toler-

ated and its long history of clinical use makes it

an evenmore attractive candidate. Besides, met-

formin is more beneficial than any other anti-

diabetic drug in reducing age-related diseases

and improving survival in diabetic patients. Al-

though the initial results are very hopeful, more

work is needed to elucidate several aspects that

still remain unclear. Many of these positive re-

sults have been obtained using doses of metfor-

min that exceed therapeutic levels in humans

(Martin-Castillo et al. 2010; Aldea et al. 2014).

Moreover, the modes of administration varied

among research teams, with the addition of

metformin either in drinking water or to the

Increases mean

life span

•

Invertebrate models Vertebrate models

Metformin

supplementation

Increases mean and maximum life span•

Has antitumorigenic properties•

Acts as caloric restriction mimetic•
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•

Effects are gender dependent in some

strains, different mechanisms of aging in
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Figure 1. Summary of the effects of metformin supplementation in invertebrate (Caenorhabditis elegans and
Drosophila melanogaster) and vertebrate models (rodents, mainly mice).
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diet. Although female mice were initially found

to show a better response to metformin supple-

mentation, recent results from our laboratory

indicated no gender or stain differences in the

actions of metformin (Martin-Montalvo et al.

2013). Therefore, to establish the molecular

mechanisms and pathways of aging, it is imper-

ative to investigate potential hormone-metfor-

min interactions in male and female animals of

varying ages, as the age of starting metformin

treatment determines whether an increase in

mean and maximum life span occurs (Menen-

dez et al. 2011; Anisimov et al. 2015). There are

not enough studies to conclude whether there

are epigenetic/genetic differences in metformin

effect on aging, life span, and tumorigenesis.

Because not all organisms studied seem to re-

spond positively to metformin supplementa-

tion (e.g., flies and rats), new approaches with

different protocols and experimental designs

would be crucial to understanding howmetfor-

min might be a good geroprotector throughout

phylogeny, including in humans.

A new interesting functional interplay has

emerged during the last years thatmight explain

some of the molecular mechanisms through

which metformin could improve health and

life span. There is some evidence that the

anticancer protection conferred by metformin

treatment may involve the modulation of

miRNAs (Pulito et al. 2014). These small non-

coding RNAs regulate gene expression at the

posttranscriptional level and metformin mod-

ulates miRNAs that regulate apoptosis and in-

hibit proliferation (Li et al. 2012).

Despite these advances, it is the hope that

better coordination among basic and clinical

researchers and use of more sophisticated ap-

proaches will facilitate the development of new

interventions aimed at improving human

health and life span.
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