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INTRODUCTION
Improvements in healthcare and nutrition have
remarkable impact on increasing the life expectancy
worldwide. This is one of the greatest achievements
of the modern world yet, it also presents a grave
challenge: as more people survive into later life, they
also experience the diseases of old age, including
type 2 diabetes (T2D), cardiovascular diseases
(CVD) and cancer. Developing new ways to improve
health in the elderly is therefore a top priority for
biomedical research. Although our understanding of
the molecular basis of these morbidities has advanced
rapidly, effective novel treatments are still lacking.
Alternative drug development strategies are
now being explored, such as the repurposing of
existing drugs used to treat other diseases. This
can save a considerable amount of time and money
since the pharmacokinetics, pharmacodynamics
and safety profiles of these drugs are already
established, effectively enabling preclinical studies
to be bypassed. Metformin (1, 1-dimethylbiguanide
hydrochloride) has been widely used to treat type
2 diabetes since the 1950s1, and is currently the
drug of choice recommended by the American
Diabetes Association and the European Association
for the Study of Diabetes2. Although the detailed
mechanisms underlying the metabolic effects of
metformin have not been completely elucidated, the
most commonly accepted mechanism is activation
of adenosine monophosphate (AMP)-activated

protein kinase (AMPK 3,4 ). AMPK is a highly
conserved serine/threonine protein kinase composed
of a catalytic a subunit and two regulatory b and c
subunits, and is activated by an increased AMP:
adenosine triphosphate (ATP) ratio in metabolic
stress conditions, such as hypoxia or glucose
deprivation5. Thus, AMPK can act as a sensor of
cellular energy levels. However, recent studies have
also suggested AMPK-independent pathways as
important mechanisms of action of metformin6.
The present review provides a thorough and
detailed account of our current understanding of the
molecular pharmacology and signalling mechanisms
underlying biguanide–protein interactions. It also
focuses on the key role of the microbiota in regulating
age-associated morbidities and a potential role for
metformin to modulate its function. Research in this
area holds the key to solving many of the mysteries
of our current understanding of drug action and
concerted effects to provide sustained and long-life
health.

METFORMIN AND TYPE 2 DIABETES
MELLITUS (T2DM)
According to the latest global estimates, there are
382 million people who are currently living with
diabetes7. It is a disorder with a complex aetiology
involving interactions between multiple genetic
and environmental factors. Strong predictors
include family history, increased body-mass index,
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high blood pressure, physical inactivity, poor diet
age 8.

AMPK-DEPENDENT MECHANISM

and advancing
In the long-term, T2D can
give rise to several disabling and life-threatening

AMPK is a master regulator of cellular energy
homoeostasis that is activated by the binding of an

complications such as CVD, neuropathy, retinopathy
and nephropathy. The onset of these complications

ADP or AMP molecule to a site on its regulatory
15,16. This enables the cell to respond to

management of blood glucose levels, which is

falling energy status by transforming it from an ATP
consuming anabolic state into an ATP-producing

cases, the use of oral antihyperglycaemic agents

catabolic state. It was suggested that this LKB1/
AMPK pathway, activated by metformin, alters the

such as metformin. The drug’s anti-hyperglycaemic
effect has been partly attributed to increased hepatic

cell’s gluconeogenic programme via inhibition of
cAMP response element-binding protein (CREB)

insulin sensitivity and elevated uptake of glucose in
peripheral tissues; however, it is now widely accepted

- regulated transcription coactivator 2 (CRTC2), a
pivotal regulator of gluconeogenic gene expression17.

that metformin acts predominantly via suppression
of hepatic gluconeogenesis. It has been reported that
metformin can lower the rate of gluconeogenesis by
as much as 36% in diabetic patients9.
MOLECULAR TARGET OF METFORMIN

Metformin is unable to passively diffuse through
the cell membrane due to its unusually hydrophilic
nature, and therefore, must rely on members of the
organic cation transporter (OCT) family for uptake
into hepatocytes. Specifically, OCT1 has been
of metformin and it has been suggested that genetic
polymorphisms in human OCT1 may contribute to
variation in clinical response to the drug10. Once it
has entered the hepatocyte, metformin accumulates
within the mitochondrial matrix. It is likely that this
uptake results from the positively-charged molecule
being driven by the membrane potential of energized
mitochondria11. Additionally, interactions may take
place between metformin’s apolar hydrocarbon side
chain and the hydrophobic phospholipids of the
mitochondrial membrane12. It is generally agreed
that complex I of the mitochondrial respiratory
chain is a key target of metformin. This stems from
the work of two independent research groups who
reported that metformin selectively inhibits the
oxidation of complex I substrates but not complex II
or IV substrates13
observed in isolated rat hepatocytes, similar results
have since been obtained in numerous cell models
including primary human hepatocytes14.
10 | JCD | VOL 3 | NO. 4 | JAN-MAR 2017

Despite showing initial promise, AMPK’s status
as the major mediator of metformin’s action was
seriously undermined following the publication of
work carried out by Foretz et al18.
The prevailing hypothesis is that metformin
activates AMPK by increasing ADP/AMP through
inhibition of mitochondrial respiration; however,
alternative models have been proposed. For example,
it has been argued that the metabolic alterations
induced by metformin in isolated skeletal muscle
cells are not consistent with the interruption
of mitochondrial energy supply; instead, they
deaminase19. This too would result in increased AMP
levels and activation of AMPK. However, the results
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of the present study have been called into question

An alternative AMPK-independent mechanism of

due to the very high concentrations of metformin
used16. It has also been claimed that AMPK itself is

metformin action has recently been put forward by
Miller et al21 that involves antagonism of glucagon
signalling. The results of a series of in vivo and in
vitro experiments on mouse primary hepatocytes

a direct target of metformin.

AMPK-INDEPENDENT ACTIONS
With doubts being cast on AMPK’s status as the
central mediator of metformin action, several AMPKindependent mechanisms have been proposed.
One alternative explanation is that the associated
change in cellular energy charge directly modulates
glucose output. Gluconeogenesis is an energetically
demanding process requiring six ATP equivalents
for every molecule of glucose synthesized20. Since
metformin treatment causes ATP levels to fall,
hepatocytes must respond by reducing glucose
production accordingly. Indeed, Foretz et al 18
demonstrated that reduction in ATP content and
inhibition of glucose production were strongly
correlated in mouse primary hepatocytes incubated
with metformin, underscoring the close link between
hepatic energy status and glucose output.
Additionally, metformin-induced changes in cellular
energy status may suppress gluconeogenesis via
the allosteric inhibition of essential enzymes. For
example, AMP is capable of synergizing with fructose
2,6-bisphosphate to inhibit the key gluconeogenic
enzyme fructose 1,6-bisphosphatase.

have shown that metformin and the related biguanide
phenformin block the glucagon-induced activation
of adenylate cyclase leading to a reduction in cAMP
synthesis21. This in turn lowers protein kinase A
(PKA) activity, abrogating phosphorylation of
critical substrates that enhance gluconeogenesis
such as 6-phosphofructo-2-kinase/fructose-2,6biphosphatase 1, CREB-1 and inositol trisphosphate
receptor. It has been proposed that the metforminassociated rise in cellular AMP levels is responsible
for the inhibition of adenylate cyclase, possibly due
to the direct binding AMP’s adenine moiety to an
inhibitory ‘P-site’21.

NOVEL PATHWAYS OF METFORMIN
ACTIONS
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MITOCHONDRIAL STRESS AND METFORMIN

the metabolic effect of metformin administration in

The inhibition of mitochondrial complex activity
by metformin might be a mechanism of metformin-

vivo. Finally, serum FGF21 levels were increased in
patients with type 2 diabetes after metformin therapy

induced AMPK activation22, as intracellular ATP
levels are decreased by the inhibition of mitochondrial

for 6 months, supporting the possible role of FGF21
induction in metabolic improvement by metformin
administration to human patients with diabetes26.

complex activity and AMP levels are increased by the
action of adenylate kinase converting two molecules
of adenosine diphosphate (ADP) to ATP and AMP
(Figure 1). AMP molecules can then bind to the
c subunit of AMPK and activate AMPK activity
directly or by inhibiting dephosphorylation of
AMPK phosphorylated by liver kinase B1 (LKB1)
or calcium/calmodulin-dependent protein kinase
kinase-b (CAMKKb)23.
Mitochondrial stress can affect tissue metabolism

MITOCHONDRIAL SHUTTLE AND METFORMIN

One of the main metabolic features of metformin is
its ability to reduce hepatic glucose production27. A
recent study suggested that inhibition of mitochondrial
glycerophosphate dehydrogenase (mGPD), a critical
enzyme in the glycerophosphate shuttle, could
be the primary mechanism of metformin induced
inhibition of gluconeogenesis27
glycerophosphate shuttle together with the malate-

stress has been shown to initiate an integrated stress
response (ISR)2411 through activating transcription
factor 4 (ATF4) to induce fibroblast metabolic

aspartate shuttle allows a cytoplasmic reduced form of
nicotinamide adenine dinucleotide (NADH) generated
by glycolysis to enter mitochondria for production
of ATP and regeneration of cytoplasmic NAD+.

‘mitokine’25 12. A recent investigation examined
whether metformin could induce a similar ISR by
inducing mitochondrial stress. As hypothesized,

The inhibition of the mitochondrial shuttle leads to
the increased cytosolic redox state and decreased
mitochondrial redox state. Thus, an increased
cytosolic redox state could impair conversion of
lactate to pyruvate by lactate dehydrogenase, leading

metformin was able to induce the expression of
FGF21 through the double-stranded ribonucleic
acid-activated protein kinase-like endoplasmic
reticulum (ER) kinase (PERK)-eukaryotic initiation
factor 2a–ATF4 axis in hepatocytes, which was
attributed to the inhibition of mitochondrial
complex I activity26 13. Metformin-induced FGF21
expression was still observed in AMPKa1-dominant
negative transfectants or AMPKa1a2-null mouse
independent ISR leading to FGF21 induction.
Treatment with (2-(2,2,6,6-tetramethylpiperidin-1oxyl-4-ylamino)-2-oxoethyl) triphenylphosphonium
chloride monohydrate (MitoTempo), a mitochondrial
not only reversed mitochondrial ROS production
by metformin, but also attenuated FGF21 induction
after metformin treatment, supporting the role of
mitochondrial stress or mitochondrial ROS in the
induction of FGF21. Serum levels of FGF21 were
increased by in vivo administration of metformin
in mice, suggesting the contribution of FGF2 in
12 | JCD | VOL 3 | NO. 4 | JAN-MAR 2017

to decreased gluconeogenesis and accumulation
of lactate. The latter effect is frequently observed
in animals and humans treated with metformin,
and could be the cause of lactic acidosis, a wellknown side-effect of metformin. Gluconeogenesis
from glycerol can also be impaired, as conversion
from glycerol-3-phosphate to dihydroxyacetone
phosphate by mGPD in the mitochondrial matrix, a
necessary step for gluconeogenesis from glycerol,
is inhibited by metformin 27. This finding could
represent a novel mechanism of metformin that
can explain its ability to inhibit gluconeogenesis
and lactate overproduction, although it is not clear
whether the inhibition of the glycerophosphate
shuttle, which represents only a small portion of
the cellular redox state28. These results might also
molecular targets for development of a novel class
of antidiabetic agents.
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GLUCAGON AND METFORMIN

Another novel mechanism explaining decreased
gluconeogenesis by metformin was recently proposed.
Metformin was shown to inhibit glucagon signal
transduction by decreasing 30-50-cyclic adenosine

body fat content and insulin resistance compared with
those from lean mice37.
Previous studies have shown that the intestines

monophosphate (cAMP) production in hepatocytes29.
Decreased cAMP content leads to decreased activity

of metformin by facilitating uptake and utilization of
glucose38, 39. The concentration of metformin reaches

of both cAMP-dependent protein kinase A, an
important signal transducer of glucagon action and

a higher level in the intestinal mucosa compared
with other tissues, which might be related to the

glucagon-induced gluconeogenesis. Decreased
cAMP was attributed to the direct inhibition of

adverse effects of metformin on the gastrointestinal

adenylate cyclase by increased intracellular AMP
content after metformin treatment rather than AMPK

metformin on the intestine, whether metformin
affects the gut microbiota was investigated, and also

activation. Increased AMP content could be a result
of the aforementioned inhibition of mitochondrial

if the metabolic effects of metformin are related to
changes in the gut microbiota. When microbiota

complex I activity and reduced hepatic energy charge
by metformin treatment. Together, these results
suggest a novel mechanism of metformin action
related to glucagon signalling, and a potential role

abundance was studied using 16S ribosomal
ribonucleic acid pyrosequencing, marked changes

of adenylate cyclase as a new therapeutic target for
the treatment of type 2 diabetes.

in microbiota composition by metformin treatment
were observed, particularly in high-fat diet (HFD)fed conditions, suggesting a possible interaction
between HFD, metformin and intestinal microbiota.

INTESTINAL MICROBIOTA AND METFORMIN

INCRETIN AND METFORMIN

Existing data suggest that gut microbiota play an
important role in the control of energy balance by
extracting energy from ingested food30. Intestinal

Incretins are a group of gastrointestinal hormones
that increase insulin release after food ingestion,

microbiota also plays a crucial role in the maturation
of gut immunity and maintenance of immune
homeostasis31 . The human gut microbiota comprises
10–100 trillion microorganisms of more than
1,000 species 32, 33. Furthermore, recent studies
have shown that changes in gut microbiota could
be important in the pathogenesis of the obese and
diabetic phenotypes. For example, germ-free mice

and comprise glucagon-like peptide 1 (GLP-1) and
gastric inhibitory peptide. Incretin-based therapies
have recently been introduced in clinical practice,
where they are used to achieve improved glycemic
control without weight gain. Additionally, those
on islet b-cell mass and function40, 41. In particular,
incretin + metformin combination has become a
popular treatment. In this regard, a study exploring
the relationship between the action mechanisms of
metformin and incretin was undertaken42, which
was based on the previous observation of increased

are protected against diet-induced obesity, which is
accompanied by increased levels of AMPK activity
in the liver or muscle tissue and derepression of
fasting-induced adipose factor (Fiaf) 30, 34. As Fiaf is
an inhibitor of lipoprotein lipase, Fiaf could inhibit
the storage of lipid in adipose tissue in germ-free
mice. In addition, obesity and high-fat diets are

plasma GLP-1 levels in obese individuals and
diabetic patients treated with metformin43, 44. That
study confirmed that metformin administration
increases plasma levels of GLP-1, but not that of

abundance of the Firmicutes phylum and decrease
in the Bacteroidetes phylum 35,36. Furthermore,
transplantation of gut microbiota from obese mice

gastric inhibitory peptide or peptide YY, which colocalizes with GLP-1 in intestinal L cells. Increased
GLP-1 levels after metformin treatment were not
related to the inhibition of dipeptidyl peptidase- 4 that
JCD | VOL 3 | NO. 4 | JAN-MAR 2017 | 13
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degrades incretins or induction of proglucagon gene

point in their life54. Sobering projections like this

expression. Furthermore, metformin might not be a
direct secretagogue of GLP-1 from intestinal L cells45

have stimulated an enormous amount of investment
into cancer research and rational drug design.

Intriguingly, metformin has been reported to
increase GLP-1 receptor expression on islet cells,

Despite our best efforts, only 5% of oncology drugs
entering phase I trials eventually receive approval

which was dependent on peroxisome proliferatoractivated receptors pathway, but not on AMPK

and it has been argued that so far, targeted therapies
have provided only modest survival benefits 55.

activation42. These results provide a theoretical
basis for combination therapies using metformin

Metformin garnered considerable interest within the

and incretins (or dipeptidyl peptidase-4 inhibitors
that increase incretin levels), as induction of GLP-

of an epidemiological report highlighting a link
between metformin treatment and reduced cancer

1 receptor expression by metformin can have
synergistic effects with administered incretins.

risk in diabetic patients56
a great deal of further research and numerous

AUTOPHAGY AND METFORMIN

observational studies have supported a protective
role for metformin against a variety of cancer types

Metformin can enhance autophagy, as AMPK
activation is known to upregulate autophagic activity
through direct phosphorylation of unc-51-like
kinase and Beclin 1, key molecules involved in the
initiation of autophagy46. Autophagy is a process
of subcellular membrane rearrangement to form
a double-membraned auto-phagosome enclosing
cytoplasmic constituents and organelles, which is
47. Thus, autophagy
is important for nutrient supply in the case of energy
and function of organelles, such as mitochondria
and the ER. As mitochondria and the ER play
critical roles in pancreatic b-cell physiology and
insulin sensitivity48, 49
impact on body metabolism. Although the effects
are distinct, depending on the location and severity
of autophagy deficiency50, a global increase in
autophagic activity is likely to improve the metabolic
51, 52 which
might be related to attenuation of low-grade tissue
activation 53.
METFORMIN AND CANCER

Cancer is a leading cause of morbidity and mortality
worldwide. A recent lifetime risk analysis of the British
population found that over 50% of adults below the
age of 65 will be diagnosed with the disease at some

14 | JCD | VOL 3 | NO. 4 | JAN-MAR 2017

including liver, colorectal, pancreas, stomach and
oesophagus cancer in diabetics57. However, it is
important to note that such studies are prone to
bias and confounding factors and contrastingly,
meta-analyses of randomized controlled trials do
not appear to demonstrate a significant effect of
metformin on cancer outcomes57,58. Furthermore,
it is not clear whether or not any positive results
could be extrapolated to non-diabetic individuals.
Nevertheless, increasing importance is being placed
on the role of altered metabolism in cancer and
the ability of metformin to interact with several
metabolic pathways suggests that it could be effective
at preventing the development and progression of
this disease.
It is possible that the systemic effects of metformin
could be protective against cancer. Both experimental
and epidemiological evidence suggests that insulin
and insulin-like growth factor 1 (IGF-1) can promote
tumorigenesis by stimulating the proliferation of
epithelial cells 59. Metformin may prevent such
neoplastic activity by reducing hyperinsulinaemia
and lowering levels of these signalling molecules.
known to play a role in cancer progression. For
example, it has been reported that metformin blocks
the activity of the transcription factor nuclear factor60.
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CONCLUSION

Metformin has been used as a safe and effective
treatment for T2DM for over half a century. Yet the
precise mechanism of action of this drug still remains
elusive. The anti-hyperglycaemic properties of
hepatic gluconeogenesis and it is generally accepted
that this is achieved via inhibition of complex I in
the mitochondrial respiratory chain. The subsequent

and the European Association for the Study of Diabetes (EASD).
3.

mediates glucose homeostasis in liver and therapeutic effects
of metformin. Science 2005; 310: 1642–1646.
4.

5.

it is becoming increasingly apparent that complex
I is not the only molecular target of metformin;
for example, it has recently been confirmed that
metformin inhibits mGPD. It is highly probable that
Work on C. elegans serves as a reminder that it is
necessary to consider the effect of drugs not only
on the individual but also on their microbiota. Very
little is currently known about the bacterial targets of
metformin and it is possible that the microbiota could
regulate some of its effects on host physiology via
unknown mechanisms. This undoubtedly warrants
further investigation. Currently, metformin is only
approved as a treatment for T2D, however in recent
years, a vast number of studies have highlighted the
therapeutic potential of metformin in the context of
other diseases. In particular, metformin has shown
promise as a treatment for CVD and cancer. The

6.

14.

16.

17.

BIBLIOGRAPHY
2.

Witters LA. The blooming of the French lilac. J Clin Invest
2001; 108: 1105–1107.
Inzucchi SE, Bergenstal RM, Buse JB, et al. Management of
hyperglycemia in type 2 diabetes: a patient-centered approach:
position statement of the American Diabetes Association (ADA)

Cell Metab 2010; 11: 390–401.
Guariguata, L., Whiting, D.R., Hambleton, I., Beagley, J.,

Linnenkamp, U. and Shaw, J.E. (2014) Global estimates of
diabetes prevalence for 2013 and projections for 2035. Diabetes
Res. Clin. Pract. 103, 137–149
8. International Diabetes Federation (2013) IDF Diabetes Atlas,
International Diabetes Federation., Brussels
9. Hundal, R.S., Krssak, M., Dufour, S., Laurent, D., Lebon, V.,
Chandramouli, V., Inzucchi, S.E., Schumann, W.C., Petersen,
K.F., Landau, B.R. et al. (2000) Mechanism by which metformin
reduces glucose production in type 2 diabetes. Diabetes 49,
2063–2069
10. Shu, Y., Sheardown, S.A., Brown, C., Owen, R.P., Zhang, S.,
Castro, R.A., Ianculescu, A.G., Yue, L., Lo, J.C., Burchard, E.G.
et al. (2007) Effect of genetic variation in the organic cation
transporter 1 (OCT1) on metformin action. J. Clin. Invest. 117,
1422–1431
11. Owen, M.R., Doran, E. and Halestrap, A.P. (2000) Evidence that
metformin exerts its anti-diabetic effects through inhibition of
complex 1 of the mitochondrial respiratory chain. Biochem. J.
348, 607–614
12. Viollet, B., Guigas, B., Sanz Garcia, N., Leclerc, J., Foretz, M.
and Andreelli, F. (2012) Cellular and molecular mechanisms of
metformin: an overview. Clin. Sci. 122, 253–270
13. El-Mir, M.-Y., Nogueira, V., Fontaine, E., Av´eret, N., Rigoulet,
M. and Leverve, X. (2000) Dimethylbiguanide inhibits cell
respiration via an indirect effect targeted on the respiratory

15.

1.

Kalender A, Selvaraj A, Kim SY, et al. Metformin, independent
of AMPK, inhibits mTORC1 in a rag GTPasedependent manner.

various mechanisms proposed to account for these
review, although there are a number of outstanding
issues that must still be resolved. Ultimately, a greater
understanding of the molecular pathways involved
will help to guide novel applications of metformin.

Hardie DG. AMP-activated protein kinase as a drug target. Annu
Rev Pharmacol Toxicol 2007; 47: 185–210.

7.

these make the greatest contribution to metformin’s
therapeutic effects is a subject of debate. Moreover,

Zhou G, Myers R, Li Y, et al. Role of AMP-activated protein
kinase in mechanism of metformin action. J Clin Invest 2001;
108: 1167–1174.

reduction in cellular energy status has been shown
glucagon signalling and promote activation of the
major metabolic regulator AMPK, although which of

Diabetes Care 2012; 35: 1364–1379.
Shaw RJ, Lamia KA, Vasquez D, et al. The kinase LKB1

18.

chain complex I. J. Biol. Chem. 275, 223–228
Stephenne, X., Foretz, M., Taleux, N., van der Zon, G.C.,
Sokal, E., Hue, L., Viollet, B.and Guigas, B. (2011) Metformin
activates AMP-activated protein kinase in primary human
hepatocytes by decreasing cellular energy status. Diabetologia
54, 3101–3110
Carling, D., Mayer, F.V., Sanders, M.J. and Gamblin, S.J. (2011)
AMP-activated protein kinase: nature’s energy sensor. Nat.
Chem. Biol. 7, 512–518
Hardie, D.G., Ross, F.A. and Hawley, S.A. (2012) AMPK: a
nutrient and energy sensor that maintains energy homeostasis.
Nat. Rev. Mol. Cell Biol. 13, 251–262
Shaw, R.J., Lamia, K.A., Vasquez, D., Koo, S.H., Bardeesy,
N., Depinho, R.A., Montminy, M. and Cantley, L.C. (2005)
The kinase LKB1 mediates glucose homeostasis in liver and
therapeutic effects of metformin. Science 310, 1642–1646
Foretz, M., Hebrard, S., Leclerc, J., Zarrinpashneh, E., Soty,
M., Mithieux, G., Sakamoto, K., Andreelli, F. and Viollet, B.
(2010) Metformin inhibits hepatic gluconeogenesis in mice

JCD | VOL 3 | NO. 4 | JAN-MAR 2017 | 15

JOURNAL OF CLINICAL DIABETOLOGY

independently of the LKB1/AMPK pathway via a decrease in
19.

36.

Akkermansia muciniphila and intestinal epithelium controls

Ouyang, J., Parakhia, R.A. and Ochs, R.S. (2011) Metformin

diet-induced obesity. Proc Natl Acad Sci USA 2013; 110:
9066–9071.

activates AMP kinase through inhibition of AMP deaminase.
J. Biol. Chem. 286, 1–11
20.

37.

2267–2270.

38.

1994; 112: 671–675.
39.

Hinke SA, Martens GA, Cai Y, et al. Methyl succinate
antagonises biguanide-induced AMPK-activation and death
of pancreatic beta-cells through restoration of mitochondrial
electron transfer. Br J Pharmacol 2007; 150: 1031–1043.

23.

Hardie DG, Hawley SA. AMP-activated protein kinase: the
energy change hypothesis revisited. BioEssays 2001; 23:
1112–1119.

24.

Harding HP, Zhang Y, Zeng H, et al. An integrated stress
response regulates amino acid metabolism and resistance to
oxidative stress. Mol Cell 2003; 11: 619–633.

26.

27.

40.

41.

42.

to protection from obesity and insulin resistance by inducing
Fgf21 as a mitokine. Nat Med 2013; 19: 83–92.

43.

Kim KH, Jeong YT, Kim SH, et al. Metformin-induced
inhibition of the mitochondrial respiratory chain increases
FGF21 expression via ATF4 activation. Biochem Biophys Res
Commun 2013; 440: 76–81.

44.

Klip A, Leiter LA. Cellular mechanism of action of metformin.
Diabetes Care 1990; 13: 696–704. Madiraju AK, Erion DM,
Rahimi Y, et al. Metformin suppresses glucogeogenesis by
inhibiting mitochondrial glycerophosphate dehydrogenase.
Nature 2014; 510: 542–546.

28.

Bauer JA, Birnbaum MJ. Control of gluconeogenesis by
metformin: does redox trump energy charge? Cell Metab 2014;
20: 197–199.

29.

Miller RA, Chu Q, Xie J, et al. Biguanides suppress hepatic
glucagon signalling by decreasing production of cyclic AMP.
Nature 2013; 494: 256–260.

Bailey CJ, Wilcock C, Scarpello JH. Metformin and the
intestine. Diabetologia 2008; 51: 1552–1553.

256–260
22.

intestinal barrier function. Lab Invest 2012; 92: 1020–1032.
Bailey CJ, Mynett KJ, Page T. Importance of the intestine as a
site of metformin-stimulated glucose utilization. Br J Pharmacol

Miller, R.A., Chu, Q., Xie, J., Foretz, M., Viollet, B. and
Birnbaum, M.J. (2013) Biguanides suppress hepatic glucagon
signalling by decreasing production of cyclic AMP. Nature 494,

Spuss A, Kanuri G, Stahl C, et al. Metformin protects against
the development of fructose-induced steatosis in mice: role of

Miller, R.A. and Birnbaum, M.J. (2010) An energetic tale of
AMPK-independent effects of metformin. J. Clin. Invest. 120,

21.

Everard A, Belzer C, Geurts L, et al. Cross-talk between

hepatic energy state. J. Clin. Invest. 120, 2355–2369

45.

46.

47.

conjunction with dipeptidyl peptidase 4 inhibition. Diabetologia
2012; 55: 3308–3317.
Pospisilik JA, Martin J, Doty T, et al. Dipeptidyl peptidase
IV inhibitor treatment stimulates beta-cell survival and islet
neogenesis in streptozotocin-induced diabetic rats. Diabetes
2003; 52: 741–750.
Maida A, Lamont BJ, Drucker DJ. Metformin regulates the
incretin receptor axis via a pathway dependent on perixome
proliferator-activated receptor-a in mice. Diabetologia 2011;
54: 339–349.
Mannucci E, Ognibene A, Cremasco F, et al. Effect of metformin
on glucagon-like peptide 1 (GLP-1) and leptin levels in obese
nondiabetic subjects. Diabetes Care 2001; 24: 489–494.
Mannucci E, Tesi F, Bardini G, et al. Effects of metformin
on glucagon-like peptide-1 levels in obese patients with and
without Type 2 diabetes. Diabetes Nutr Metab 2004; 17:
336–342.
Mulherin AJ, Oh AH, Kim H, et al. Mechanisms underlying
metformin-induced secretion of glucagon-like peptide-1 from
the intestinal L cell. Endocrinology 2011; 152: 4610–4619.
Egan DF, Shackelford DB, Mihaylova MM, et al. Phosphorylation
of ULK1 (hATG1) by AMP-activated protein kinase connects
energy sensing to mitophagy. Science 2011; 331: 456–461.
Mizushima N, Komatsu M. Autophagy: renovation of cells and
tissues. Cell 2011; 147: 728–741.

33.

Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: the unseen
majority. Proc Natl Acad Sci USA 1998; 95: 6578–6583.

52.

Petersen KF, Befroy D, Dufour S, et al. Mitochondrial
dysfunction in the elderly: possible role in insulin resistance.
Science 2003; 300: 1140–1142.
Scheuner D, Vander Mierde D, Song B, et al. Control of mRNA
translation preserves endoplasmic reticulum function in beta
cells and maintains glucose homeostasis. Nat Med 2005; 11:
757–764.
Kim KH, Lee MS. Autophagy–a key player in cellular and body
metabolism. Nat Rev Endocrinol 2014; 10: 322–337.
He C, Bassik MC, Moresi V, et al. Exercise- induced BCL2regulated autophagy is required for muscle glucose homeostasis.
Nature 2012; 481: 511–515.
Kim J, Cheon H, Jeong YT, et al. Amyloidogenic peptide

34.

Backhed F, Manchester JK, Semenkovich CF, et al. Mechanisms
underlying the resistance to diet-induced obesity in germ-free
mice. Proc Natl Acad Sci USA 2007; 104: 979–984.

53.

diabetes. J Clin Invest 2014; 124: 3311–3324.
Lim YM, Lim H, Hur KY, et al. Systemic autophagy

30.

Beackhed F, Ding H, Wang T, et al. The gut microbiota as an
environmental factor that regulates fat storage. Proc Natl Acad
Sci USA 2004; 101: 15718–15723.

48.

Kim DH, Lee JC, Lee MK, et al. Treatment of autoimmune
diabetes in NOD mice by Toll-like receptor 2 tolerance in

49.

31.

Hooper LV, Littman DR, Macpherson AJ. Interactions between
the microbiota and the immune system. Science 2012; 336:
1268–1273. 606

50.

32.

Dethlefsen L, Huse S, Sogin ML, et al. The pervasive effects of
an antibiotic on the human gut microbiota, as revealed by deep

51.

16S rRNA sequencing. PLoS Biol 2008; 6: e280.

35.

Alhouayek M, Muccioli GG. The endocannabinoid system
in inflammatory bowel diseases: from pathophysiology to
therapeutic opportunity. Trends Mol Med 2012; 18: 615–625.

16 | JCD | VOL 3 | NO. 4 | JAN-MAR 2017

facilitates progression from obesity to diabetes. Nat Commun
2014; 5: 4934.

Metformin: Revisiting The Old And Opening New Horizon
54.

Ahmad, A.S., Ormiston-Smith, N. and Sasieni, P.D. (2015)

risk of cancer in patients with type 2 diabetes: systematic review.

Trends in the lifetime risk of developing cancer in Great Britain:
comparison of risk for those born from 1930 to 1960. Br. J.
55.

PLoS One 8, 1–12
58.

Mantzoros, C.S. (2013) Metformin and sulfonylureas in relation

Gupta, S.C., Sung, B., Prasad, S., Webb, L.J. and Aggarwal,

to cancer risk in type II diabetes patients: a meta-analysis using

B.B. (2013) Cancer drug discovery by repurposing:

56.

57.

Thakkar, B., Aronis, K.N., Vamvini, M.T., Shields, K. and

Cancer 112, 943–947

primary data of published studies. Metabolism 62, 922–934

teaching new tricks to old dogs. Trends Pharmacol. Sci. 34,
508–517

59.

Pollak, M. (2008) Insulin and insulin-like growth factor
signalling in neoplasia. Nat. Rev. Cancer 8, 915–928

Evans, J.M., Donnelly, L.A., Emslie-Smith, A.M., Alessi, D.R.

60.

Moiseeva, O., Deschˆenes-Simard, X., St-Germain, E.,

and Morris, A.D. (2005) Metformin and reduced risk of cancer

Igelmann, S., Huot, G., Cadar, A.E., Bourdeau, V., Pollak, M.N.

in diabetic patients. BMJ 330, 1304–1305

and Ferbeyre, G. (2013) Metformin inhibits the senescence-

Franciosi, M., Lucisano, G., Lapice, E., Strippoli, GFM,
Pellegrini, F. and Nicolucci, A. (2013) Metformin therapy and

activation. Aging Cell 12, 489–498

“I have never let my schooling interfere with my education.”

JCD | VOL 3 | NO. 4 | JAN-MAR 2017 | 17

