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Summary

The generally accepted mechanism of metformin’s effect is stimulation of adenosine mono-
phosphate (AMP)-activated protein kinase (AMPK). AMPK is directly activated by an increase
in AMP:ATP ratio in metabolic stress conditions including hypoxia and glucose deprivation.
Lately, many novel pathways, besides AMPK induction, have been revealed, which can explain
some of metformin’s beneficial effects. It may help to identify new targets for treatment of
diabetes and metabolic syndrome. Moreover, metformin is now attracting the attention of
researchers in fields other than diabetes, as it has been shown to have anti-cancer, immunore-
gulatory and anti-aging effects. The aim of this review is to describe the potential anti-cancer
and anti-aging properties of metformin and discuss the possible underlying mechanisms.
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INTRODUCTION miologic analyses have reported that metformin may

improve prognosis of cancer patients and also may

Metformin is a biguanide derivative widely used in
clinical practice as an anti-diabetic drug. It inhibits
hepatic gluconeogenesis and triggers glucose uptake
in skeletal muscles [50,52]. The drug is well tolerated
and safe with known pharmacokinetics [50,52]. Because
of its properties, metformin is presently the first-line
drug for the treatment of type 2 diabetes (T2D). Inte-
restingly, there is a quickly growing body of literature
demonstrating its potential in the therapy of multiple
disorders other than diabetes, [33,43,52]. Many epide-

prevent tumor initiation [18,51]. Moreover, there is
evidence suggesting that metformin acts as an anti-
-aging factor and modulates the microbiota, promoting
health [45]. Thus, metformin is currently being investi-
gated for new applications. The precise mechanisms of
metformin’s action have not been entirely explained
yet, but many pathways may be involved. The present
review focuses on potential anti-aging and anti-cancer
properties of metformin and discusses possible under-
lying mechanisms.
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MECHANISMS OF METFORMIN ACTION

Metformin is the drug indicated as the first-lime therapy
of T2D. This type of diabetes is the most frequently dia-
gnosed and is characterized by hyperglycemia resulting
from insulin resistance and reduced insulin secretion.
Metformin acts mostly via inhibition of hepatic glu-
coneogenesis. Its anti-hyperglycemic influence is also
mediated by an increase of hepatic insulin sensitivity
and absorption of glucose in muscles [27,45].

Mitochondria seem to be a significant target for metfor-
min. Its principal function is ATP synthesis by oxidative
phosphorylation. This process results in production of
energy through oxidation of nutrients that create an
electron chemical gradient across the mitochondrial
inner membrane. Such a gradient is used as a source of
energy that allows ATP synthesis, transport of ions and
heat production [56]. Oxygen radicals, e.g. reactive oxy-
gen species (ROS), are also produced in mitochondria,
which may be toxic for cells and cause DNA, protein and
lipid damage. It is a cause of oxidative stress and mito-
chondrial dysfunction. Mitochondrial dysfunction has
been reported to be related to insulin resistance in tis-
sues such as skeletal muscles, liver, fat, heart and pan-
creas [26,34,54].

The widely accepted mechanism of metformin action is
stimulation of adenosine monophosphate (AMP)-activa-
ted protein kinase (AMPK) [50,56]. AMPK is activated by
an increase in AMP:ATP ratio in metabolic stress con-
ditions including hypoxia and glucose deficiency [24].
Thus, AMPK can act as an indicator of energy levels in
cells [14]. In hepatocytes metformin accumulates within
the mitochondrial matrix and targets complex I of the
mitochondrial respiratory chain [42,53]. Once complex
L is inhibited, it results in a reduction of ATP production
and an increase in ADP and AMP levels, which leads to
AMPK activation [25,42,53]. AMPK inhibits gluconeoge-
nic gene transcription. Moreover, it inhibits lipogenesis,
which improves insulin sensitivity [20,21,31,45]. Mito-
chondrial stress may also influence tissue metabolism
independently of AMPK stimulation [28].

Recently, some new pathways, besides AMPK activation,
were discovered, which can explain the additional posi-
tive properties of metformin. The decrease in cellular
energy level can directly inhibit the gluconeogenic pro-
cess. Moreover, increased AMP leads to inhibition of ade-
nylate cyclase, resulting in lowering of cAMP production.
As a result the activity of PKA (protein kinase A) and its
targets, such as CREB (cyclic AMP response element bin-
ding), are inhibited. Metformin stops the activity of mGPD
(glycerol-3-phosphate dehydrogenase) as well. In turn it
prevents glycerol usage in gluconeogenesis. The cytosolic
redox state is increased, which reduces the use of lactate
as a gluconeogenic substrate [13,35,45,48].

These novel properties of metformin are now attracting
the attention of researchers in fields other than diabe-

tes, as the drug has been reported to have anti-cancer,
immunoregulatory and anti-aging effects [33,43,52].
Such new mechanisms of metformin are described in
detail below.

METFORMIN INFLUENCES LONGEVITY

Two different mechanisms are described as the primary
causes of aging. The first one - the ROS theory - refers
to cumulative DNA damage caused by ROS, the by-pro-
ducts of oxidative phosphorylation. The second one is
the TOR theory, and it is connected with constitutive sti-
mulation of mitogen - and nutrient-sensing mTOR/S6
signaling [23]. The cellular pathways upstream of mTOR
such as the IGF-1/GH axis, MAPK, AKT, and PI3K are the
targets for aging inhibition. They may be stimulated by
mitogens, growth factors, sugars and amino acids. On the
other hand, calorie restriction, mimetics such as 2-deoxy-
-Dglucose and blockers of mitogens and growth factors
such as somatotropin and IGF-1 may suppress mTOR
signaling pathways [4,5,8]. It is supported by the fact that
the mutations reducing growth hormone (GH) and IGF-1
signaling in mammals are associated with a prolonged
lifespan [6,7]. The specific inhibitor rapamycin may direc-
tly inhibit the kinase activity of mTOR. It is widely repor-
ted that rapamycin has gero-suppressive effects such as
extending the lifespan, preventing age-related disorders
or reducing costs of patient care [11,17]. AMPK activa-
tion leads to indirect inhibition of mTOR; thus metformin
as an AMPK activator is shown to have gero-suppressive
effects [41]. Extended longevity and lifespan were shown
in experiments with mice fed with metformin and rapa-
mycin [2,3]. The use of metformin as an anti-aging drug
has been recently suggested based on its wide application
in clinical practice as well as its well-known pharmacoki-
netics and acceptable toxicity [3].

Among gero-suppressive mechanisms the activation of
autophagy plays a significant role as well [46,55]. The
process is induced by nutrient deficiency that leads
to subcellular membrane rearrangement. As a result,
double-membraned autophagosomes enclosing cyto-
plasmic constituents and organelles are formed [39,46].
Autophagy protects the nutrient supply and the proper
function of cell organelles [28]. Genes involved in regu-
lation of autophagy are critical for longevity of diffe-
rent organisms from yeasts, flies and nematodes up to
mice. It was also reported that induction of autophagy
may extend the lifespan [17]. Polyamines are the most
effective activators of autophagy, and induction of this
process is associated with suppression of signaling along
the IGF and mTOR pathways [40,49] Thus, inhibitors of
these pathways such as rapamycin or metformin can be
activators of autophagy [36]. Anti-aging effects of met-
formin are presented in Fig. 1.

METFORMIN EXHIBITS ANTI-CANCER EFFECTS

Recently, it was widely proposed that metformin could
be protective against neoplastic diseases. The anti-
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Fig. 1. Anti-aging effects of metformin

-cancer activities of metformin are associated with
both indirect and direct effects of this drug. The indi-
rect mechanisms result from general modifications
of blood glucose and insulin levels, which could influ-
ence the survival of cancer cells [52]. It is reported that
insulin and insulin-like growth factor 1 (IGF-1) can pro-
mote tumorigenesis by stimulating the proliferation of
epithelial cells [44,45]. Decreasing the insulin level as
a result may prevent such neoplastic activity. Metfor-
min can also affect the inflammatory processes that
are reported to play a significant role in tumor progres-
sion. Blocking of transcription factor nuclear factor-x
B (NF- B) activity mediated by metformin results in
reduced secretion of pro-inflammatory cytokines [38].
Additionally, metformin has been reported to activate
the immune response to cancer cells [45]. For example,
it has been found that the drug improved the effective-
ness of an experimental anti-cancer vaccine that was
mainly mediated by activation of memory T cells [43].
The direct anti-cancer effects of metformin are con-
nected with AMPK-dependent and AMPK-independent
mechanisms [52]. These are summarized in Fig. 2.

AMPK-DEPENDENT MECHANISMS OF METFORMIN'S ANTI-CANCER
EFFECTS

The activation of the AMPK pathway may be significan-
tly involved in the anti-cancer mechanisms of metfor-
min’s action. A key consequence of AMPK activation is
inhibition of mTOR signaling - the major regulator of
cell growth and proliferation [22]. It was also reported
that metformin can act as an anti-folate drug [15,16].
Similarly to anti-folate chemotherapeutics, this mecha-

nism damaging the metabolism of folates leads to inhibi-
tion of cancer cell proliferation. The cell cycle regulation
via interactions with classical oncogenes and tumor sup-
pressors, which may be induced by AMPK, is conside-
red as the next mechanism responsible for anti-cancer
properties of metformin. Experimental research provi-
des evidence that metformin down-regulates c-MYC in
an AMPK-dependent manner in breast cancer cell lines
[12]. AMPK has also been found to target p53 and indu-
ces cell-cycle arrest by Ser15 phosphorylation of p53
protein [14,29].

AMPK-INDEPENDENT MECHANISMS OF METFORMIN’S ANTI-CANCER
EFFECTS

AMPK-independent mechanisms can also explain the
anti-cancer mechanism of metformin action. The drug
can inhibit cell DNA damage by preventing ROS gene-
ration by complex I [1]. Furthermore, metformin can
induce activation of mTORC1 in the absence of AMPK
[30]. Some research provides evidence that the anti-neo-
plastic effect of metformin is mediated by AMPK-inde-
pendent inhibition of cyclin D1, which is an important
regulator of the cell cycle [9]. Such inhibition is repor-
ted to be connected with p53-dependent up-regulation
of REDD1 that is a result of the DNA damage response
[10]. It was shown that metformin up-regulates apop-
tosis and autophagy in esophageal squamous cell carci-
noma, which leads to reduction of tumor growth [19].
This was mediated by inactivation of the Stat3 (signal
transducer and activator of transcription 3)-Bcl2 path-
way. This pathway is only marginally deteriorated by
AMPK knockdown, which indicates a rather limited con-
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Fig. 2. Anti-cancer effects of metformin

tribution of AMPK. It was also reported that metformin
reduced glucose uptake in lung cancer and breast cancer
cells. Inhibition of such an energy source leads finally
to mitochondrial depolarization and programmed cell
death [32,47].

CoNCLUSIONS

Metformin is currently approved for treatment of T2D,
but its therapeutic potential in the treatment of other

REFERENCES

diseases was recently reported. In particular, the anti-
-cancer and anti-aging effects of metformin seem to be
promising. There are a number of mechanisms repor-
ted to be responsible for these effects, which have been
described in this review. However, further studies in this
subject are still required, and numerous mechanisms
must still be explained.

[1] Algire C., Moiseeva O., Deschenes-Simard X., Amrein L., Petruc-
celli L., Birman E., Viollet B., Ferbeyre, G. Pollak M.N.: Metformin
reduces endogenous reactive oxygen species and associated DNA
damage. Cancer Prev. Res., 2012; 5: 536-543

[2] Anisimov V.N.: Metformin for aging and cancer prevention.
Aging, 2010; 2: 760-774

[3] Anisimov V.N.: Metformin: do we finally have an anti-aging drug?
Cell Cycle, 2013: 12, 3483-3489

[4] Anisimov V.N., Bartke A.: The key role of growth hormone-insu-
lin - GF-1 signaling in aging and cancer. Crit. Rev. Oncol. Hematol.,
2013; 87:201-223

[5] Bartke A.: Growth hormone, insulin and aging: the benefits of

173



® Postepy Hig Med Dosw (online), 2017; tom 71: 170-175

endocrine defects. Exp. Gerontol., 2011; 46: 108-111

[6] Bartke A.: Single-gene mutations and healthy ageing in mammals.
Philos. Trans. R. Soc. Lond. B Biol. Sci., 2011; 366: 28-34

[7] Bartke A., Brown-Borg H.: Life extension in the dwarf mouse.
Curr. Top. Dev. Biol., 2004; 63: 189-225

[8] Barzilai N., Huffman D.M., Muzumdar R.H., Bartke A.: The critical
role of metabolic pathways in aging. Diabetes, 2012; 61: 1315-1322

[9] Ben Sahra 1., Laurent K., Loubat A., Giorgetti-Peraldi S., Colosetti
P, Auberger P,, Tanti].F,, Le Marchand-Brustel Y., Bost F.: The antidia-
betic drug metformin exerts an antitumoral effect in vitro and in vivo
through a decrease of cyclin D1 level. Oncogene, 2008; 27: 3576-3586

[10] Ben Sahra 1., Regazzetti C., Robert G., Laurent K., Le Marchand-
-Brustel Y., Auberger P., Tanti J.F., Giorgetti-Peraldi S., Bost F.: Metfor-
min, independent of AMPK, induces mTOR inhibition and cell-cycle
arrest through REDD1. Cancer Res., 2011; 71: 4366-4372

[11] Blagosklonny M.V.: Increasing healthy lifespan by suppres-
sing aging in our lifetime: Preliminary proposal. Cell Cycle, 2010;
9:4788-4794

[12] Blandino G., Valerio M., Cioce M., Mori F., Casadei L., Pulito C.,
Sacconi A., Biagioni F,, Cortese G., Galanti S., Manetti C., Citro G., Muti
P, Strano S.: Metformin elicits anticancer effects through the sequ-
ential modulation of DICER and c-MYC. Nat. Commun., 2012; 3: 865

[13] Burgess S.C., He T., Yan Z., Lindner J., Sherry A.D., Malloy C.R.,
BrowningJ.D., Magnuson M.A.: Cytosolic phosphoenolpyruvate car-
boxykinase does not solely control the rate of hepatic gluconeoge-
nesis in the intact mouse liver. Cell Metab., 2007; 5: 313-320

[14] Buzzai M., Jones R.G., Amaravadi R.X., LumJ.J., DeBerardinis R ].,
ZhaoF,, Viollet B., Thompson C.B.: Systemic treatment with the an-
tidiabetic drug metformin selectively impairs p53-deficient tumor
cell growth. Cancer Res., 2007; 67: 6745-6752

[15] Cabreiro F., Au, C., Leung K.Y., Vergara-Irigaray N., Cochemé
H.M., Noori T., Weinkove D., Schuster E., Greene N.D., Gems D.: Met-
formin retards aging in C. elegans by altering microbial folate and
methionine metabolism. Cell, 2013; 153: 228-239

[16] Corominas-Faja B., Quirantes-Piné R., Oliveras-Ferraros C., Va-
zquez-Martin A., Cufi S., Martin-Castillo B., Micol V., Joven ., Segura-
-Carretero A., Menendez J.A.: Metabolomic fingerprint reveals that
metformin impairs one-carbon metabolism in a manner similar to
the antifolate class of chemotherapy drugs. Aging, 2012; 4: 480-498

[17] Darzynkiewicz Z., Zhao H., Halicka H.D., LiJ., Lee Y.S., Hsieh T.C.,
Wu J.M.: In search of antiaging modalities: evaluation of mTOR -
and ROS/DNA damage-signaling by cytometry. Cytometry A, 2014;
85:386-399

[18] Decensi A., Puntoni M., Goodwin P., Cazzaniga M., Gennari A.,
Bonanni B., Gandini S.: Metformin and cancer risk in diabetic pa-
tients: a systematic review and meta-analysis. Cancer Prev. Res.,
2010; 3: 1451-1461

[19] Feng Y., Ke C., Tang Q., Dong H., Zheng X., Lin W., Ke J., HuangJ.,
Yeung S.C., Zhang H.: Metformin promotes autophagy and apoptosis
in esophageal squamous cell carcinoma by downregulating Stat3
signaling. Cell Death Dis., 2014; 5: €1088

[20] Foretz M., Hébrard S., Leclerc ., Zarrinpashneh E., Soty M., Mi-
thieux G., Sakamoto K., Andreelli F., Viollet B.: Metformin inhibits
hepatic gluconeogenesis in mice independently of the LKB1/AMPK
pathway via a decrease in hepatic energy state. J. Clin. Invest., 2010;
120: 2355-2369

[21] Fullerton M.D., Galic S., Marcinko K., Sikkema S., Pulinilkunnil
T., Chen Z.P., O>Neill H.M., Ford RJ., Palanivel R., O>Brien M., Har-
die D.G., Macaulay S.L., Schertzer J.D., Dyck J.R., van Denderen B.J.,
Kemp B.E., Steinberg G.R.: Single phosphorylation sites in Acc1 and
Acc2 regulate lipid homeostasis and the insulin-sensitizing effects
of metformin. Nat. Med., 2013; 19: 1649-1654

[22] Gwinn D.M., Shackelford D.B., Egan D.F., Mihay-

lova M.M., Mery A., Vasquez D.S., Turk B.E., Shaw R.J.:
AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol. Cell, 2008; 30: 214-226

[23] Halicka H.D., Zhao H., Li]., Lee Y.S., Hsieh T.C., Wu .M., Darzyn-
kiewicz Z.: Potential anti-aging agents suppress the level of consti-
tutive mTOR - and DNA damage - signaling. Aging, 2012; 4: 952-965

[24] Hardie D.G.: AMP-activated protein kinase as a drug target.
Annu. Rev. Pharmacol. Toxicol., 2007; 47: 185-210

[25] Hinke S.A., Martens G.A., Cai Y., Finsi J., Heimberg H., Pipeleers
D., Van de Casteele M.: Methyl succinate antagonises biguanide-in-
duced AMPK-activation and death of pancreatic beta-cells through
restoration of mitochondrial electron transfer. Br. J. Pharmacol.,
2007; 150: 1031-1043

[26] Hu F., Liu F.: Mitochondrial stress: a bridge between mitochon-
drial dysfunction and metabolic diseases? Cell. Signal., 2011; 23:
1528-1533

[27]Hundal R.S., Krssak M., Dufour S., Laurent D., Lebon V., Chandra-
mouli V., Inzucchi S.E., Schumann W.C., Petersen K.F., Landau B.R.,
Shulman G.1.: Mechanism by which metformin reduces glucose pro-
duction in type 2 diabetes. Diabetes, 2000; 49: 2063-2069

[28] Hur K.Y., Lee M.S.: New mechanisms of metformin action: Fo-
cusing on mitochondria and the gut. J. Diabetes Investig., 2015; 6:
600 - 609

[29] Jones R.G., Plas D.R., Kubek S., Buzzai M., Mu J., Xu Y., Birnbaum
MJ., Thompson C.B.: AMP-activated protein kinase induces a p53-
-dependent metabolic checkpoint. Mol. Cell, 2005; 18: 283-293

[30] Kalender A., Selvaraj A., Kim S.Y., Gulati P., Brilé S., Viollet B.,
Kemp B.E., Bardeesy N., Dennis P., Schlager ] .J., Marette A., Kozma
S.C., Thomas G.: Metformin, independent of AMPK, inhibits mTORC1
in a rag GTPase-dependent manner. Cell Metab., 2010; 11: 390-401

[31] Kawaguchi T., Osatomi K., Yamashita H., Kabashima T., Uyeda
K.: Mechanism for fatty acid “sparing” effect on glucose-induced
transcription: regulation of carbohydrate-responsive element-bin-
ding protein by AMP-activated protein kinase. J. Biol. Chem., 2002;
277:3829-3835

[32] Marini C., Salani B., Massollo M., Amaro A., Esposito A.L, Orengo
AM., Capitanio S., Emionite L., Riondato M., Bottoni G., Massara C.,
Boccardo S., Fabbi M., Campi C., Ravera S., et al.: Direct inhibition of
hexokinase activity by metformin at least partially impairs glucose
metabolism and tumor growth in experimental breast cancer. Cell
Cycle, 2013; 12: 3490-3499

[33] Martin-Montalvo A., Mercken E.M., Mitchell S J., Palacios H.H.,
Mote P.L., Scheibye-Knudsen M., Gomes A.P., Ward T.M., Minor R.K.,
Blouin M.J., Schwab M., Pollak M., Zhang Y., Yu Y., Becker K.G., et
al.: Metformin improves healthspan and lifespan in mice. Nat. Com-
mun., 2013; 4: 2192

[34] McBride H.M., Neuspiel M., Wasiak S.: Mitochondria: more than
justa powerhouse. Curr. Biol., 2006; 16: R551-R560

[35] Miller R.A., Chu Q., Xie J., Foretz M., Viollet, B., Birnbaum, M.J.:
Biguanides suppress hepatic glucagon signalling by decreasing pro-
duction of cyclic AMP. Nature, 2013; 494: 256-260

[36] Minois N., Carmona-Gutierrez D., Madeo F.: Polyamines in aging
and disease. Aging, 2011; 3: 716-732

[37] Mizushima N., Komatsu M.: Autophagy: renovation of cells and
tissues. Cell, 2011; 147: 728-741

[38] Moiseeva 0., Deschenes-Simard X., St-Germain E., Igelmann
S., Huot G., Cadar A.E., Bourdeau V., Pollak M.N., Ferbeyre G.: Met-
formin inhibits the senescence-associated secretory phenotype by
interfering with IKK/NF-kB activation. Aging Cell, 2013; 12: 489-498

[39] Morselli E., Galluzzi L., Kepp O., Criollo A., Maiuri M.C., Taver-
narakis N., Madeo F., Kroemer G.: Autophagy mediates pharmaco-
logical lifespan extension by spermidine and resveratrol. Aging,
2009; 1: 961-970

174



Podhorecka M. et al.— Metformin — its potential anti-cancer...

[40] Morselli E., Maiuri M.C., Markaki M., Megalou E., Pasparaki A.,
Palikaras K., Criollo A., Galluzzi L., Malik S.A., Vitale I., Michaud M.,
Madeo F., Tavernarakis N., Kroemer G.: Caloric restriction and resve-
ratrol promote longevity through the Sirtuin-1-dependent induction
of autophagy. Cell Death Dis., 2010; 1: €10

[41] Onken B., Driscoll M.: Metformin induces a dietary restriction-
-like state and the oxidative stress response to extend C. elegans
healthspan via AMPK, LKB1, and SKN-1. PLoS One, 2010; 5: 8758

[42] Owen M.R., Doran E., Halestrap A.P.: Evidence that metformin
exerts its anti-diabetic effects through inhibition of complex 1 of
the mitochondrial respiratory chain. Biochem. J., 2000; 348: 607-614

[43] Pearce E,L., Walsh M.C., Cejas PJ., Harms G.M., Shen H., Wang
L.S.,Jones R.G., Choi Y.: Enhancing CD8 T-cell memory by modulating
fatty acid metabolism. Nature, 2009; 460: 103-107

[44] Pollak M.: Insulin and insulin-like growth factor signalling in
neoplasia. Nat. Rev. Cancer, 2008; 8: 915-928

[45] Pryor R., Cabreiro F.: Repurposing metformin: an old drug with
new tricks in its binding pockets. Biochem. J., 2015; 471: 307-322

[46] Rubinsztein D.C., Marino G., Kroemer G.: Autophagy and aging.
Cell, 2011; 146: 682-695

[47] Salani B., Marini C., Rio A.D., Ravera S., Massollo M., Orengo
A.M., Amaro A., Passalacqua M., Maffioli S., Pfeffer U., Cordera R.,
Maggi D., Sambuceti G.: Metformin impairs glucose consumption
and survival in Calu-1 cells by direct inhibition of hexokinase-1II.
Sci. Rep., 2013; 3: 2070

[48] Samuel V.T., Beddow S.A., Iwasaki T., Zhang X.M., Chu X., Still
C.D., Gerhard G.S., Shulman G.L: Fasting hyperglycemia is not asso-
ciated with increased expression of PEPCK or G6Pc in patients with
Type 2 Diabetes. Proc. Natl. Acad. Sci. USA, 2009; 106: 12121-12126

[49] Sauve A.A., Wolberger C., Schramm V.L., Boeke J.D.: The bioche-
mistry of sirtuins. Annu. Rev. Biochem., 2006; 75: 435-465

[50] Shaw R.J., Lamia K.A., Vasquez D., Koo S.H., Bardeesy N., Depinho
R.A., Montminy M., Cantley L.C.: The kinase LKB1 mediates glucose
homeostasis in liver and therapeutic effects of metformin. Science,
2005; 310: 1642-1646

[51] Snima K.S., Pillai P., Cherian A.M., Nair S.V., Lakshmanan V.K.:
Anti-diabetic drug metformin: challenges and perspectives for can-
cer therapy. Curr. Cancer Drug Targets, 2014; 14: 727-736

[52] Sui X., Xu Y., Wang X., Han W., Pan H., Xiao M.: Metformin: a
novel but controversial drug in cancer prevention and treatment.
Mol. Pharm., 2015; 12: 3783-3791

[53] Viollet B., Guigas B., Sanz Garcia N., Leclerc J., Foretz M., Andreel-
li F.: Cellular and molecular mechanisms of metformin: an overview.
Clin. Sci., 2012; 122: 253-270

[54] Wallace D.C.: A mitochondrial paradigm of metabolic and dege-
nerative diseases, aging, and cancer: a dawn for evolutionary medi-
cine. Annu. Rev. Genet., 2005; 39: 359-407

[55] Wiederkehr A., Wollheim C.B.: Minireview: implication of mi-
tochondria in insulin secretion and action. Endocrinology, 2006;
147: 2643-2649

[56] Yamaguchi O., Otsu K.: Role of autophagy in aging. J. Cardiovasc.
Pharmacol., 2012; 60: 242-247

[57] Zhou G., Myers R., Li Y., Chen Y., Shen X., Fenyk-Melody J., Wu
M., Ventre J., Doebber T., Fujii N., Musi N., Hirshman M.F., Goodyear
LJ., Moller D.E.: Role of AMP-activated protein kinase in mechanism
of metformin action. J. Clin. Invest., 2001; 108: 1167-1174

The authors have no potential conflicts of interest to declare.

175



