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Abstract

Aim/hypothesis The glucose-lowering drug metformin has
been shown to activate hepatic AMP-activated protein
kinase (AMPK), a master kinase regulating cellular energy
homeostasis. However, the underlying mechanisms remain
controversial and have never been investigated in primary
human hepatocytes.

Methods Hepatocytes isolated from rat, mouse and human
livers were treated with various concentrations of metfor-
min. Isoform-specific AMPK« abundance and activity, as
well as intracellular adenine nucleotide levels and mito-
chondrial oxygen consumption rates were determined at
different time points.

Results Metformin dose- and time-dependently increased
AMPK activity in rat and human hepatocytes, an effect
associated with a significant rise in cellular AMP:ATP ratio.
Surprisingly, we found that AMPK«2 activity was unde-
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tectable in human compared with rat hepatocytes, while
AMPK«x1 activities were comparable. Accordingly, metfor-
min only increased AMPKal activity in human hepato-
cytes, although both AMPK « isoforms were activated in rat
hepatocytes. Analysis of mRNA expression and protein
levels confirmed that only AMPK«xl1 is present in human
hepatocytes; it also showed that the distribution of $ and y
regulatory subunits differed between species. Finally, we
demonstrated that the increase in AMP:ATP ratio in
hepatocytes from liver-specific Ampkal/2 (also known as
Prkaal/2) knockout mice and humans is due to a similar
and specific inhibition of the mitochondrial respiratory-
chain complex 1 by metformin.

Conclusions/interpretation Activation of hepatic AMPK by
metformin results from a decrease in cellular energy status
owing to metformin’s AMPK-independent inhibition of the
mitochondrial respiratory-chain complex 1. The unique
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profile of AMPK subunits found in human hepatocytes
should be considered when developing new pharmacolog-
ical agents to target the kinase.

Keywords AMP:ATP ratio - AMPK - Hepatocytes -
Human - Metformin - Mitochondria - Respiratory-chain
complex 1

Abbreviations
ACC Acetyl-CoA carboxylase

AMPK AMP-activated protein kinase

AMPKK  AMPK kinase

DNP 2,4-Dinitrophenol

JO, Mitochondrial oxygen consumption rate
OCT1 Organic cation transporter 1

OXPHOS Oxidative phosphorylation

Introduction

Metformin is one of the most widely used glucose-lowering
agents to treat type 2 diabetes [1] and is now recommended as
the first-line drug therapy by a recent joint consensus
statement [2]. This unique survivor of the biguanides family
is prescribed for its effective anti-hyperglycaemic action,
achieving a potent reduction of hepatic glucose production
through inhibition of gluconeogenesis [3]. An increase in
peripheral glucose uptake by the drug has also been reported,
although the extent and significance of this effect in humans
is still being discussed [3]. Metformin also exerts beneficial
effects on circulating lipids and exhibits cardio-protective
features in obese patients treated with the drug compared
with conventional hypoglycaemic agents [4]. More recently,
epidemiological studies have shown a decrease in cancer
incidence in metformin-treated patients, suggesting a new
potential application of the drug as an anti-cancer agent [5].
However, although prescribed since the end of the 1950s and
despite extensive effort during the last years, the precise
molecular (or biochemical) mechanism or mechanisms of
action of metformin remain as yet incompletely understood.

At the beginning of the millennium, a remarkable study
by Zhou et al. provided a new mechanistic insight by
showing for the first time that metformin activates the
AMP-activated protein kinase (AMPK) in hepatocytes;
however, they did not provide an underlying mechanism
for this activation [6]. More recently, Shaw et al. reported
that activation of the hepatic LKB1/AMPK axis in mice
could be involved in the inhibitory effect of metformin on
gluconeogenesis, highlighting the putative role of these
kinases in the therapeutic action of the drug [7]. AMPK is a
well conserved serine/threonine-protein kinase, which acts
as a cellular energy and nutrient sensor, and plays a crucial
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role in the regulation of metabolic pathways [8, 9]. AMPK
consists of a heterotrimeric complex containing a catalytic
subunit « and two regulatory (3 and <y subunits. Each
subunit has several isoforms (x1, «2, 31, 32, v1, v2, v3),
which are encoded by distinct genes, giving multiple
combinations of holoenzyme with different tissue distribu-
tion and cellular localisation [8, 9]. The « subunit contains
a threonine residue (Thr 172) whose phosphorylation by
upstream kinases (AMPK kinase [AMPKK]), such as the
serine/threonine-protein kinase LKB1 or calmodulin-
dependent protein kinase kinase IIf3 (CaMKKIIP), is
sufficient and necessary for AMPK activation to occur.
The (3 subunit acts as a scaffold to which the two other
subunits are bound, and also allows AMPK to sense energy
reserves in the form of glycogen [8, 9]. Binding of AMP to
the y subunit activates AMPK via a complex mechanism
involving direct allosteric activation, phosphorylation on
Thr172 by AMPKK and inhibition of dephosphorylation of
this residue by specific protein phosphatases that remain to
be identified [8, 9]. Thus, any increase in the intracellular
AMP:ATP ratio activates AMPK, which results, through
phosphorylation of various downstream targets, in concom-
itant inhibition of energy-consuming processes and stimu-
lation of ATP-generating pathways in order to restore
energy balance [8, 9]. Finally, it has recently been shown
that ADP, and therefore the ADP:ATP ratio, could also play
a regulatory role in AMPK activities by binding to selective
Bateman domains on the <y subunit [10].

While metformin has been previously shown to decrease
cellular ATP levels in hepatocytes owing to its specific
inhibition of the mitochondrial respiratory-chain complex 1
[11-13], some of the early works suggested that the drug
activates AMPK without increasing the AMP:ATP ratio [14,
15]. Although these initial conclusions were later refuted by
the authors [16], the absence of clear data linking the
mitochondrial effect of metformin to activation of hepatic
AMPK still nurtures confusion. Thus, an alternative AMP-
independent hypothesis involving mitochondrial-derived
peroxynitrite was recently proposed, prolonging the con-
troversy [17]. Taken together, a clarification of the
mechanism by which metformin activates hepatic AMPK
is required, especially in humans.

The aim of this study was to test the hypothesis that
activation of AMPK by metformin in primary hepatocytes
is consecutive to change in cellular energy status owing to
metformin’s mitochondrial inhibitory effect on the
respiratory-chain complex 1.

Methods

Materials All chemicals were purchased from Sigma-
Aldrich (St Louis, MO, USA).
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Ethics All experiments performed in animals were done in
accordance with the Institute for Laboratory Animal
Research Guide for the Care and Use of Laboratory
Animals. All procedures on human tissues have received
approval from the university and hospital Ethical Review
Boards (St Luc Hospital, Brussels, Belgium).

Generation of liver-specific Ampkal/2 knockout mice The
generation of liver-specific Ampkal/2 (also known as
Prkaal/2)”"" mice has been described previously [18].

Isolation and primary culture of murine and human
hepatocytes For rodent experiments, liver cells were pre-
pared by the collagenase method of Berry and Friend [19],
modified by Groen et al. [20], from male Wistar rats (200—
300 g) or from male mice (25-30 g) after anaesthesia with
sodium pentobarbital (6 mg/100 g body weight) or ketamin/
xylazin (8/1 mg/100 g body weight), respectively. For
human experiments, hepatocytes were isolated from whole
livers or liver segments not used for transplantation, using
collagenase P (Roche, Mijdrecht, the Netherlands). For
primary culture, rat or human hepatocytes were first seeded
for 3 to 4 h on type I collagen-coated dishes (2% 10 cells/
cm?) and then cultured in M199 medium (Invitrogen, Leek,
the Netherlands) supplemented with antibiotics in the
presence of the indicated concentrations of metformin.

Western blot analysis Hepatocytes or liver samples were
lysed in ice-cold buffer containing: 50 mmol/l HEPES
(pH 7.6), 50 mmol/l NaF, 50 mmol/l KCI, 5 mmol/l NaPPi,
1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l dithiothreitol,
5 mmol/l (3-glycerophosphate, 1 mmol/l sodium vanadate,
1% NP40 (vol./vol.) and protease inhibitors cocktail
(Complete; Roche). Homogenates were centrifuged
(16,000g; 15 min, 4°C) and the protein content of the
supernatant fraction was determined using a kit (BCA
Protein Assay Kit; Pierce, Rockford, IL, USA). Proteins
(1050 ng) were separated by 7-10% SDS-PAGE, followed
by transfer to a polyvinylidene fluoride transfer membrane.
Membranes were blocked for 1 h at room temperature in
TRIS-buffered saline Tween-20 buffer with 5% non-fat dry
milk, followed by overnight incubation with phospho-
specific or total antibodies (all of them cross-reacting with
human, rat and mouse forms, see electronic supplementary
material [ESM] Table 1). Blots were then incubated for 1 h
with horseradish peroxidase-conjugated secondary anti-
bodies at room temperature. Bands were visualised by
enhanced chemiluminescence and quantified using Image J
(NIH, Bethesda, MD, USA).

AMPK assays AMPK activity was assayed either after
precipitation with 10% (wt/vol.) polyethylene glycol 6000
or after immunoprecipitation with specific antibodies

directed against ol- or «2-AMPK catalytic subunits
(Kinasource, Dundee, UK), as described [18].

Determination of adenine nucleotide concentrations Sam-
ples of the cell suspension or cultured hepatocytes were
lysed in ice-cold HCIO4-EDTA (5% wt/vol., 25 mmol/l)
and centrifuged (13000g, 2 min). The supernatant fractions
were immediately neutralised and determination of adenine
nucleotides was performed by high-performance liquid
chromatography, as previously described [18].

RNA purification and quantitative reverse transcription-
coupled real-time PCR RNA was extracted from isolated
hepatocytes using an RNA isolation reagent (Tripure;
Roche). Total RNA (2 pg) was reverse-transcribed and
quantitative real-time PCR then performed with a kit
(SYBR Green Core; Bio-Rad, Veenendaal, the Netherlands)
on a thermal cycler (MylIQ; Bio-Rad). mRNA expression
was normalised to GAPDH mRNA content and expressed
as arbitrary units. All the primer sets used were designed to
span an exon (avoiding eventual amplification of gDNA)
and have an efficiency of ~100+5% (ESM Table 2).

Determination of mitochondrial oxygen consumption rate
in intact and permeabilised hepatocytes Mouse or human
hepatocytes (7-8 mg dry cells per ml) were incubated in a
shaking water bath at 37°C in closed vials containing 2 ml
Krebs—Ringer bicarbonate-calcium buffer (120 mmol/l NaCl,
4.8 mmol/l KCl, 1.2 mmol/l KH,PO,, 1.2 mmol/l MgSO,,
24 mmol/l NaHCO;5;, 1.3 mmol/l CaCl,, pH 7.4) in
equilibrium with a gas phase containing O,/CO, (19:1) and
supplemented with lactate/pyruvate/octanoate (20/2/4 mmol/
1) in the presence or not of 5 mmol/l metformin. After
30 min, the cell suspension was saturated again with O,/CO,
for 1 min and immediately transferred into a stirred oxygraph
chamber equipped with a Clark oxygen electrode (HEITO,
Paris, France). The mitochondrial oxygen consumption rate
(JO,) was measured at 37°C before and after successive
addition of 0.5 pmol/l oligomycin and 150 umol/l 2.4-
dinitrophenol (DNP). To permeabilise hepatocytes, intact
cells were first incubated for 30 min as described above, then
collected by centrifugation and resuspended in KCl medium
(125 mmol/l KCIl, 20 mmol/l TRIS-HCI, 1 mmol/l EGTA
and 5 mmol/l Pi-TRIS, pH 7.2) containing 200 pg/ml
digitonin. After 3 min at 37°C, the permeabilised hepato-
cytes were transferred to the oxygraph. As indicated,
5 mmol/l glutamate-TRIS plus 2.5 mmol/l malate-TRIS, or
5 mmol/l succinate-TRIS plus 0.5 mmol/l malate-TRIS plus
1.25 umol/l rotenone were added. JO, was measured before
and after the successive addition of 1 mmol/l ADP-TRIS,
0.5 pg/ml oligomycin and 50 pumol/l DNP. All the results are
expressed in percentage of the maximum activity of
cytochrome oxidase, after addition of 0.15 pg/ml antimycin
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and 1 mmol/l N,N,N',N'-tetramethyl-1,4-phenylenediamine
(TMPD) plus 5 mmol/l ascorbate to normalise the results
according to respective mitochondrial content in wild-type
and liver-specific Ampka1/2~"~ mice.

Statistics All data are expressed as mean+SEM. Statistical
analysis was performed using SPSS 17.0 software package
for Windows (SPSS, Chicago, IL, USA) with two-tailed
unpaired Student’s test or one-way/two-way ANOVA,
followed by a Tukey’s post hoc test for multiple compar-
isons. Differences between groups were considered statis-
tically significant at p<0.05.

Results

Effects of metformin on AMPK activity and cellular energy
status in rat hepatocytes In a first set of experiments, the
effects of metformin on AMPK activity and AMP:ATP ratio
were studied in primary rat hepatocytes. As shown in
Fig. la, metformin induced a significant time- and dose-
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Fig. 1 Time- and dose-dependent effects of metformin on AMPK
activity and intracellular adenine nucleotide levels in primary rat
hepatocytes. Primary cultured rat hepatocytes were incubated for 0,
0.5, 3,6,9, 18 and 24 h in M199 medium with different concentrations
of metformin (white triangle, 0.5 mmol/l; white square, 1 mmol/l;
white diamond, 5 mmol/l) or vehicle (black dots). a AMPK
activity was measured after polyethylene glycol fractionation. b
Intracellular ATP and (¢) AMP concentrations were determined by
HPLC, and the AMP:ATP ratios (d) calculated. Results are expressed
as means+SEM; n=3—-4; *p<0.05 compared with control-vehicle
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dependent activation of AMPK, which was already detect-
able at 0.5 mmol/l after 3 h. This dose-dependent effect
persisted after 24 h and was paralleled by a concomitant
decrease in ATP and increase in AMP intracellular levels
(Fig. 1b, c), resulting in a significant increase of the AMP:
ATP ratio (Fig. 1d).

Species-specific activation of AMPK by metformin We next
assessed whether the effects of metformin on AMPK activity
and the AMP:ATP ratio were similar in rat and human primary
hepatocytes. As shown in Fig. 2, metformin increased the
AMP:ATP ratio, AMPK activity and Ser79-acetyl-CoA
carboxylase (ACC) phosphorylation at concentrations higher
than 100 umol/l in rat and human hepatocytes. However, the
extent of AMPK activation by metformin was higher in
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Fig. 2 Dose-dependent effects of metformin on AMPK activity and
the AMP:ATP ratio in primary rat and human hepatocytes. a—¢
Primary cultured hepatocytes isolated from rats or (d—f) human liver
segments were incubated for 24 h in M199 medium with increasing
concentrations of metformin (white bars) or vehicle (black bars). a, d
AMPK activity was measured after polyethylene glycol fractionation
and the AMP:ATP ratios (b, e) were calculated after determination of
intracellular adenine nucleotides by HPLC. ¢, f The phosphorylation
states (p) of Thr172-AMPK and Ser79-ACC, and the abundance of
AMPKo were assessed by western blot. Results (a, b, d, e) are
expressed as means+SEM; n=3—4; *p<0.05 compared with control-
vehicle
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human than in rat hepatocytes at intermediate concentrations
of the drug (472% versus 66% at 500 pumol/l, respectively)
(Fig. 2a, d), although the increase in the AMP:ATP ratio was
similar (69% versus 54%, respectively) (Fig. 2b, e),
suggesting a species-specific difference in AMPK sensitivity
toward AMP, ADP and/or ATP. Strikingly, the determination
of isoform-specific AMPKx activities after immunoprecipi-
tation of the &1 or x2 AMPK catalytic subunits revealed that
AMPK 2 activity was undetectable in human compared
with rat hepatocytes, while AMPK«l activity was compa-
rable in the basal condition (Fig. 3). Accordingly, metformin
only increased AMPKal activity in human hepatocytes,
although both AMPK« isoforms were activated by the drug
in rat hepatocytes. The apparent species-specific difference in
AMPK 2 activity was confirmed by the absence of protein
and mRNA expression of this catalytic subunit in human
hepatocytes (Fig. 4). Interestingly, protein levels and mRNA
hepatic expression of the 3 and <y regulatory subunits also
significantly differed between species, showing that the (32,
vl and truncated y2 forms are expressed in human
hepatocytes, whereas the 31, y1 and y2 forms are mostly
present in rat and mouse hepatocytes (Fig. 4). We confirmed
that these species-specific differences in AMPK isoform
levels is also found in whole liver (ESM Fig. 1), excluding
experimental bias induced by hepatocytes isolation.

Taken together, the fact that AMPK activation by
metformin is associated with an elevated AMP:ATP ratio
in hepatocytes strongly suggests that inhibition of the
mitochondrial machinery by the drug might be the main
underlying mechanism for hepatic activation of the kinase.

Mechanism(s) of AMPK activation by metformin To inves-
tigate the mechanisms by which metformin affects the
cellular energy state, together with the putative involvement
of AMPK in this process, we used hepatocytes from wild-
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Fig. 3 Effects of metformin on AMPK«xl and o2 activities. a Primary
cultured hepatocytes isolated from rats or (b) human liver segments were
incubated for 24 h in M199 medium in the presence of 500 pmol/l
metformin (white bars) or vehicle (black bars). AMPK«xl1 and «2
activity was measured after immunoprecipitation with isoform-specific
antibodies. Results are expressed as means=SEM; n=3-4; *p<0.05
compared with control-vehicle

type and liver-specific Ampka1/2~"~ mice. Freshly isolated
hepatocytes were incubated with metformin, and AMPK
activity and expression, as well as the AMP:ATP ratio and
JO, were measured. As expected, metformin increased the
AMP:ATP ratio, AMPK activity and Ser79-ACC phosphor-
ylation in hepatocytes from wild-type mice (Fig. Sa—c). In
hepatocytes from liver-specific Ampkol/2~"~ mice, AMPK
expression, activity and activation could not be detected
(Fig. 5a, b), but the increase in the AMP:ATP ratio induced
by metformin was still present and even significantly higher
than in hepatocytes from wild-type mice (Fig. 5c). Metfor-
min induced a similar inhibition of JO, in wild-type and
liver-specific Ampkod/2~"~ mice, an effect that persisted
after addition of the mitochondrial oxidative phosphoryla-
tion (OXPHOS) uncoupler DNP (Fig. 5d, e). This clearly
indicates that the inhibitory effect of metformin on JO, was
exerted on the electron transfer chain rather than on
downstream step(s) linked to ATP synthesis. The effect of
metformin in intact cells from wild-type and liver-specific
Ampka1/2~" mice was further investigated after permeabi-
lisation of the plasma membrane by digitonin, allowing the
mitochondrial OXPHOS pathway to be investigated in situ.
In the presence of glutamate/malate, a substrate for the
respiratory-chain complex 1, a significant decrease in
mitochondrial respiratory rates could be detected after
metformin pre-treatment of cells from wild-type and liver-
specific Ampkal/2~"" mice, occurring regardless of the
mitochondrial energy state (Fig. 5f, g). By contrast, no
differences were observed with succinate/malate, a sub-
strate for the respiratory-chain complex 2 (Fig. 5h, 1i).
Importantly, a similar specific inhibition of the mitochon-
drial respiratory-chain complex 1 by metformin was found
in freshly isolated human hepatocytes incubated in the same
conditions (Fig. 6).

Collectively, these results demonstrate that the inhibition
of JO, and resultant increase in the AMP:ATP ratio induced
by metformin in hepatocytes is due to a specific and
AMPK-independent inhibition of the mitochondrial
respiratory-chain complex 1.

Discussion

Collectively, our results show that activation of AMPK by
metformin in primary hepatocytes from rodents and humans
is due to a decrease in cellular energy status resulting from
metformin’s AMPK-independent and specific inhibition of
mitochondrial respiratory-chain complex 1. Strikingly, we
report here for the first time that the distribution of AMPK
catalytic and regulatory subunits in hepatocytes differs
between rodents and humans. This new important finding
suggests possible consequences for pharmaceutical strate-
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Fig. 4 a Protein levels of AMPK subunits and (b) the corresponding
mRNA gene expression were determined in hepatocytes isolated from
human (black bars), rat (hatched bars) or mouse (white bars) livers by
western blot and RT quantitative PCR, respectively. Western blot
analysis (a) is representative of three separate experiments and shows
that AMPK subunits migrated to their expected molecular mass

gies focusing on the development of AMPK activators for
the treatment of metabolic diseases.

The mitochondrial respiratory-chain complex 1 is the
primary target of metformin The inhibition of the mito-
chondrial respiratory-chain complex 1 by metformin was
first reported in perfused livers and isolated rat hepatocytes
by Leverve’s group [12] and later confirmed in various
other cellular models by us [21-25] and others [11, 13, 26,
27]. Due to its weaker lipophilic property, metformin, in
contrast to the other biguanides, induces only mild and
specific inhibition of the respiratory-chain complex 1 and
does not affect OXPHOS downstream machinery (Figs 5
and 6; B. Guigas, unpublished results). In the present
manuscript, we show for the first time that this mitochon-
drial effect of metformin is also present in human
hepatocytes, confirming that the respiratory-chain complex
1 constitutes the primary target of the drug, whatever the
species.

Although the exact mechanisms by which metformin
decreases complex 1 activity remains unknown to date, it
has been shown that this effect requires intact cells [12, 22]
and, at least in hepatocytes, is not prevented by inhibition
of nitric oxide synthase or by various reactive oxygen
species scavengers [12]. On the other hand, the mechanism
by which metformin activates AMPK is still being
discussed. Despite the indisputable mitochondrial effect of
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(xl1, 62 kDa; «2, 62 kDa; 31, 38 kDa; (32, 30 kDa; y1, 38 kDa;
Y2 utt-tengths ~75 kD25 Y2uuncated> ~35 kDa; 3, 55 kDa). The western
blots for AMPKa2 were performed using three different primary
antibodies cross-reacting with human, rat and mouse forms (see ESM
Table 1). b The results from RT quantitative PCR were corrected for
GAPDH and are expressed as means£SEM (n=3). a.u., arbitrary units

the drug, Fryer et al. and Hawley et al. initially reported that
metformin activated AMPK in muscle and rat hepatoma
cells without affecting the AMP:ATP ratio [14, 15]. In the
present study, we clearly demonstrate that the activation of
AMPK by metformin is associated with an increased AMP:
ATP ratio resulting from inhibition of the respiratory-chain
complex 1. These discrepancies may be explained by
technical differences in nucleotide measurement [28] and
subcellular AMP compartmentalisation [29], or by the fact
that immortalised cell lines are highly glycolytic and
therefore much less sensitive to impairment of mitochon-
drial OXPHOS for ATP supply [30]. Interestingly, metfor-
min was shown to increase cytosolic AMP and AMPK
activity in heart [29]. In addition, the involvement of
complex 1 in the activation of AMPK by metformin has
also been elegantly demonstrated in pancreatic MING cells,
by showing that methyl succinate, a substrate of complex 2
that bypasses the inhibition of complex 1 by the drug,
prevented AMPK activation [26]. Finally, two recent
publications also support the finding that metformin
activates AMPK via changes in cellular energy status. Thus
Hawley et al. showed that the activation of AMPK by
metformin is abolished in a cell line stably expressing
AMPK complexes that contain an AMP-insensitive y2
mutant; this indicates that increased cytosolic AMP triggers
activation of the kinase by the drug [28]. On the other hand,
Foretz et al. also demonstrated that, contrary to what was
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Fig. 5 Effects of metformin on AMPK activity, AMP:ATP ratio, and
cellular and mitochondrial JO, in intact or permeabilised hepatocytes
from wild-type and liver-specific Ampkal/2~"~ mice. Hepatocytes
from wild-type or Ampkad/2”" mice were incubated at 37°C in a
Krebs/bicarbonate medium containing lactate/pyruvate/octanoate (20,
2, 4 mmol/l) in the presence of vehicle (black bars) or 5 mmol/l
metformin (white bars). After 30 min incubation, AMPK activity in U/g
of dry cells (a), isoform-specific AMPK« abundance and Ser79-ACC
phosphorylation (p) state (b), and the AMP:ATP ratio (c¢) were
determined. d-i Oligomycin-sensitive JO, was measured after the
successive addition of 6 pg/ml oligomycin (basal) and 100 umol/l DNP
in separate experiments, after hepatocytes from wild-type (d, f, h) and

initially suggested by others [7], metformin inhibits hepatic
gluconeogenesis by an LKBI1- and AMPK-independent
mechanism involving an acute decrease in the hepatic
energy state [31].

AMPK is not required for the inhibitory effect of metformin
on respiratory-chain complex I In mammalian mitochondria,
the respiratory-chain complex 1 is made up of 45 subunits, of
which several can be phosphorylated by various Ser/Thr
protein kinases, thus affecting respiratory-chain complex 1

liver-specific Ampkad/2”" (e, g, i) mice had been incubated as
described above and permeabilised in a KCl medium containing
200 pg/ml digitonine. JO, was measured in the presence of
glutamate/malate (5 mmol/l; 2.5 mmol/l) (f, g) or succinate/malate/
rotenone (5 mmol/l; 0.5 mmol/l; 1.25 umol/l) (h, i) after the successive
addition of 1 mmol/l ADP (state 3), 6 pg/ml oligomycin (state 4) and
75 umol/l DNP. All JO, results are expressed as percentage of the
maximum activity of cytochrome oxidase (cyt.ox) determined after the
final addition of 0.15 pg/ml antimycin and TMPD/ascorbate (1 mmol/l,
5 mmol/l). Results are expressed as means+SEM; n=3; *p<0.05
compared with control-vehicle; Tp<0.05 compared with wild-type mice

activity [32]. To rule out the possibility that the mitochondrial
effect of metformin is secondary to AMPK activation via
some putative AMP-independent mechanism, we used
AMPK-null hepatocytes isolated from liver-specific
Ampkod/f/_ mice [18, 30]. By showing that metformin
inhibited the respiratory-chain complex 1 in hepatocytes from
wild-type and liver-specific Ampka/2”" mice, we can
clearly rule out the notion that a primary effect of the drug
is mediated by AMPK through phosphorylation of some
subunits of the respiratory-chain complex 1 and/or other
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Fig. 6 Effects of metformin on JO, in permeabilised human
hepatocytes. Hepatocytes isolated from human liver segments were
incubated in the presence of vehicle (black bars) or 5 mmol/l metformin
(white bars), and the JO, was measured in the presence of (a)
glutamate/malate (5 mmol/l, 2.5 mmol/l) or (b) succinate/malate/
rotenone (5 mmol/l; 0.5 mmol/l; 1.25 pumol/l) as described (Fig. 5).
The results are expressed as means+SEM; n=3; *p<0.05 compared
with control-vehicle

mitochondrial proteins regulating OXPHOS. The more pro-
nounced effect of metformin on the AMP:ATP ratio in primary
hepatocytes from liver-specific Ampko1/2~"~ compared with
wild-type mice (Fig. 5) could be explained by a decrease in
ATP synthesis secondary to impaired mitochondrial biogen-
esis and/or by a lack of AMPK-mediated inhibition of ATP
consumption, as previously reported [18, 30].

Species-specific differences in hepatic abundance of AMPK
subunits The AMPK protein is a heterotrimer composed of a
catalytic o subunit and two regulatory 3 and y subunits, in a
ratio of 1ot:13:17y, all of which are required for the formation of
a stable and fully functional AMPK complex [8, 9]. While
some minor differences could be shown, depending on the
fibre types, for the y regulatory subunit [33], it is well
established that the «l and «2 catalytic subunits are both
expressed in human and rodent skeletal muscle, and that the
232yl complex constitutes the majority of AMPK hetero-
trimers in this metabolic tissue, showing a high degree of
consistency between species [33-37]. In the present study, the
mRNA expression pattern and protein levels of the AMPK
subunits found in rodent livers is in agreement with those
previously reported [35, 38], leading to many possible
combinations of heterotrimers containing either 1 or «2
catalytic subunits, and (31, y1 and y2 regulatory subunits. As
far as we know, our finding showing that the abundance of
hepatic AMPK subunits differs in humans compared with
rodents is unprecedented. Thus, it might be speculated that the
resulting differences in heterotrimeric composition of AMPK
could affect the regulation of kinase activity, notably its
sensitivity toward AMP. Indeed, it is striking that the
activation of AMPK by metformin seemed more potent,
although the increase of the AMP:ATP ratio in humans
compared with rat primary hepatocytes was similar (Fig. 2),
suggesting that the human AMPK 12yl or olf2y2
truncated complexes could be more sensitive to subtle
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changes in cellular energy status. However, this is in
contradiction with previous in vitro results showing that, in
rat liver extract, AMPK complexes containing the o2/32
isoforms had a greater dependence on AMP [35, 39].
Interestingly, it has been very recently shown that ADP, like
AMP, could also bind to the 'y subunit, leading to modulation
of the AMP-triggered phosphorylation of AMPK on Thr172
[10]. Tt seems therefore possible that subtle species-specific
differences in the metformin-induced increase of the ADP:
ATP ratio could also be involved. Unfortunately, the
determination of intracellular ADP levels by HPLC was
technically not possible in our conditions, so further inves-
tigations are required to clarify this point. It is worth
mentioning that AMPK has also been reported to have a
differential and tissue-specific localisation pattern in mamma-
lian cells, with the AMPK a1 subunit being mainly localised
in the cytosol, and the AMPKx2 and (32 subunits being
localised to the nucleus and cytosolic fractions [39—42]. While
not as yet clarified, the subcellular localisation of the kinase
might have an important functional role, such as regulation of
gene expression by phosphorylation of nuclear targets of
AMPK. This would therefore suggest that differences in the
composition of AMPK complexes between rodents and
human hepatocytes could result in different physiological
outcomes, including putative nuclear regulatory functions.

Taken together, the species-specific differences shown in
AMPK 3y complexes in the liver imply that pharmaceu-
tical activation of hepatic AMPK could have different
effects in rodents and humans.

Therapeutic relevance of the metformin concentrations
used in vitro As shown in Fig. 1, the key determinant of
AMPK activation by metformin is a balance between the
concentration and the time of exposure to the drug. It is
worth noting that most of the in vitro experiments reporting
activation of AMPK by metformin were generally performed
with drug concentrations far above those found in tissues
from rodents after oral administration of metformin [43, 44].
In the present study, we show that hepatic AMPK is
activated by metformin at concentrations higher than
100 pumol/l, i.e. about five times the highest plasma level
reported in humans after a single oral drug administration
[45, 46]. However, the liver is one of the few organs that can
accumulate significant amounts of metformin, with tissue
concentrations that reached hundreds of pumol/l in the
periportal area [43, 44]. In addition, the intracellular transport
of metformin is mediated by the organic cation transporter 1
(OCT1) [47], the deletion of which in hepatocytes resulted in
impairment of metformin-induced AMPK activation [48].
Interestingly, increased OCT1 levels and metformin concen-
trations were recently reported in the liver of mice on a high-
fat diet [49], suggesting that hepatic accumulation of the
drug could be even higher in diabetic patients.
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Conclusions

We have demonstrated here that the primary target of
metformin in rodent and human hepatocytes is the
mitochondrial machinery. The specific inhibition of the
respiratory-chain complex 1 by the drug leads to a dose-
and time-dependent decrease in ATP levels, which results in
a concomitant increase in cytosolic AMP concentrations
(and the AMP:ATP ratio), triggering the activation of
AMPK. One of the important new findings of this study
is the species-specific differences in the profile of AMPK
subunits, suggesting that regulation of the kinase, which is
well characterised in rodents, could differ significantly in
humans. Further investigations are still required, but this
point should certainly be considered when developing new
pharmacological agents that target AMPK.
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