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left ATP levels unchanged, and increased free AMP.

AMP proposed in our work, need to be pursued.

(Background: Metformin is widely believed to inhibit mitochondrial respiration.
Results: Metformin increased phosphocreatine recovery from dinitrophenol or azide in intact cells, increased MTT reduction,

Conclusion: Metformin stimulated mitochondrial energy production.
Significance: Distinct mechanisms for metformin other than mitochondrial inhibition, such as the inhibition of breakdown of

N
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A popular hypothesis for the action of metformin, the widely
used anti-diabetes drug, is the inhibition of mitochondrial res-
piration, specifically at complex I. This is consistent with met-
formin stimulation of glucose uptake by muscle and inhibition
of gluconeogenesis by liver. Yet, mitochondrial inhibition is
inconsistent with metformin stimulation of fatty acid oxidation
in both tissues. In this study, we measured mitochondrial energy
production in intact cells adapting an in vivo technique of phos-
phocreatine (PCr) formation following energy interruption
(“PCr recovery”) to cell cultures. Metformin increased PCr
recovery from either dinitrophenol (DNP) or azide in L6 cells.
We found that metformin alone had no effect on cell viability as
measured by total ATP concentration, trypan blue exclusion, or
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
reduction. However, treatments with low concentrations of
DNP or azide reversibly decreased ATP concentration.
Metformin increased 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide reduction during recovery from either
agent. Viability measured by trypan blue exclusion indicated
that cells were intact under these conditions. We also found that
metformin increased free AMP and, to a smaller extent, free
ADP concentrations in cells, an action that was duplicated by a
structurally unrelated AMP deaminase inhibitor. We conclude
that, in intact cells, metformin can lead to a stimulation of
energy formation, rather than an inhibition.

Several investigators have concluded that metformin
depresses mitochondrial energy formation (1- 6). Because met-
formin is known to activate the AMP-activated kinase
(AMPK),? arise in AMP levels secondary to energy interruption
might seem a reasonable conclusion (see Fig. 1). This is also
suggested by the fact that muscle glucose uptake, stimulated

" Present address: 8205 Vinoy Blvd., Apt. 308, Charlotte, NC 28262. E-mail:
vsatyavylta@gmail.com.

2To whom correspondence should be addressed. Tel.: 718-990-1678; Fax:
718-990-1936; E-mail: ochsr@stjohns.edu.

3 The abbreviations used are: AMPK, AMP-activated kinase; PCr, phosphocre-
atine; DNP, dinitrophenol; EHNA, erythro-9-(2-hydroxy-3-nonyl)ade-
nine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
AMPD, AMP deaminase.

JULY 12,2013 +VOLUME 288+NUMBER 28

when cells are energy-deprived, is also stimulated by AMPK
activation and by metformin (7-10). Hepatic gluconeogenesis
is inhibited by metformin (5), another event that has been
explained as interruption of cellular energy formation. As fur-
ther suggestive evidence, metformin inhibits electron transport
of isolated mitochondria (3, 11).

Although these findings support the energy-interruption
hypothesis of metformin action, there is evidence to the con-
trary. For example, the in vitro inhibition of mitochondria by
metformin is small (about 10%), a result pointed out in a debate
concerning the energy-interruption hypothesis (12-14). It is
not established what effect metformin has on mitochondrial
energy formation in intact cells. Furthermore, although stimu-
lation of muscle glucose uptake (9) and inhibition of hepatic
gluconeogenesis (5, 15) are consistent with this hypothesis, the
well established stimulation of mitochondrial fatty acid oxida-
tion (16, 17) is not. This fundamental inconsistency led our
laboratory to propose an alternative mechanism for the action
of metformin, namely the inhibition of AMP deaminase (16).

In this study, we found that metformin as well as a known
AMPD inhibitor increased the free AMP and ADP concentra-
tions in these cells, but neither affected the ATP contents of the
L6 muscle cells. To more directly determine how metformin
affects the mitochondpria in intact cells, we adapted an estab-
lished in vivo method (18, 19), the restoration of phosphocrea-
tine (PCr) concentrations after mitochondrial energy interrup-
tion. We determined that metformin did not inhibit
mitochondrial energy supply. Rather, metformin increased
mitochondrial energy formation, consistent with metformin
stimulation of fatty acid oxidation, as well as more current find-
ings on metformin inhibition of gluconeogenesis (20, 21). The
finding was further supported by an increased reduction of the
tetrazolium salt MTT, and studies of cell viability indicated new
considerations for the use of MTT, trypan blue, and ATP levels
as indices of cell viability.

EXPERIMENTAL PROCEDURES

L6 cells were obtained from the American Type Culture Col-
lection and incubated and prepared as in our previous work
(16). Dulbecco’s minimum essential media, a-minimum essen-
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FIGURE 1. Metformin and mitochondrial energy formation. The three complexes of the mitochondrial (inner) membrane that form the proton gradient (/,
Ill, and 1V) are indicated, and two established inhibitors of electron flow are shown, rotenone and azide. DNP is shown as a stimulator of H" entry to
mitochondria (a proton ionophore), competing with the ATP synthetase (represented as a long rectangle) and thereby compromising mitochondrial (mito)
ATP formation. The site of metformin action proposed by others but questioned here is complex | (indicated by a ?); the site we propose, AMPD, is also indicated.
The requirement for the cytosolic (cyto) adenylate kinase (AK7) is indicated for AMP elevation under conditions in which ADP concentration rises. Also shown
is the equilibrium for creatine phosphokinase (CPK). Enzymes are indicated by shaded letters; energy inhibitors are underlined and in italic type. Although drawn
in separate reactions, the cytosolic adenine nucleotides ATP, ADP, and AMP comprise global pools.

tial medium, and amino acids were obtained from Invitrogen.
Cell cultures and flasks were obtained from Corning Inc. (Corn-
ing, NY). Quantilium® recombinant luciferase was obtained
from Promega (Madison, WI). Sodium azide and 2,4-dinitro-
phenol were obtained from Sigma. All the other chemicals,
including luciferin, ATP, phosphocreatine, creatine, and MTT
were obtained from VWR Scientific (Philadelphia, PA).

After incubation with DNP or azide, cells were washed with
5% albumin solution and KH buffer prior to incubation in
inhibitor-free incubation media (the recovery period). For the
analysis of metabolites, media were removed, and cells were
extracted with a lysis buffer containing 1% perchloric acid, 10
mM EDTA and 0.5% Triton X-100. After at least 20 min on ice,
samples were neutralized with a solution containing 2 m KOH,
50 mMm MOPS, and 2 mm EDTA. The luminometric measure-
ment of ATP, PCr, and creatine and the calculation of free ADP
and AMP values were performed by the method of Ronner ez al.
(22). Luminescence was measured with the Glomax Jr® lumi-
nometer (Promega). Lactate was measured by an enzymatic end
point method using hydrazine (23). Trypan blue (0.2% w/v) was
added to cellsin a 1:1 volume, and the percentage viable (exclud-
ing dye) was estimated with a hemocytometer. 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) con-
centration in the incubation was 4 mg/ml; absorbance was
recorded in an HTS bioassay plate reader at 590 nm. Protein
was analyzed by the bicinchoninic acid method (24).

Data are expressed as an average = S.E. with at least n = 3.
Statistical evaluation was done using Student’s ¢ test and one-
way analysis of variance. The level of significance was set at p <
0.05.

RESULTS

ATP Contents in the Presence of DNP or Azide—T o establish
conditions for phosphocreatine recovery, we first investigated
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the ability of cells to recover from incubation with known
energy inhibitors, the uncoupler DNP, and the respiratory
chain inhibitor azide. Our procedure was to add the inhibitor,
remove it through a change in medium, and then conduct a
further incubation, called the recovery. Both low (0.1 mMm) and
high (5 mm) DNP caused a decrease in total cellular ATP con-
centration after an incubation of 15 min (Fig. 2A4). To initiate
the recovery, cells were washed with an albumin-containing
medium (to assist removal of the uncoupler), and the second
incubation (the recovery) was continued for a further 60 min.
As shown in Fig. 24, cellular ATP levels were depressed in the
first incubation and returned to control levels with low but not
high concentrations of DNP. We conducted the same experi-
ment, except with a 30-min incubation period (Fig. 2B). Apart
from a slightly greater drop in ATP concentrations in the pres-
ence of DNP (compared with the 15 min of incubation), ATP
levels recovered only when low (0.1 mm) DNP was used.

A similar result was obtained when azide was substituted for
DNP (Fig. 3). Although ATP concentrations recovered from
incubation with 4 mm azide, higher concentrations showed a
sustained decrease in ATP levels after the recovery period.

Cell Viability after DNP or Azide Incubation—We tested cell
viability using trypan blue exclusion under the same conditions
used for the ATP measurements. As shown in Fig. 4, the low
concentration of DNP did not affect trypan blue exclusion,
despite the fact that this condition lowered ATP concentration
(cf Figs. 4 and 2B). After the recovery period, only the high
concentration of DNP caused a decrease in viability assessed by
trypan blue (Fig. 4).

A similar result was obtained for azide; the lower concentra-
tion of azide that caused a decrease in ATP (Fig. 3) did not show
adecrease in cell viability as measured by trypan blue (Fig. 5). At
a high concentration of azide (10 mm), cell viability was reduced

VOLUME 288+NUMBER 28-JULY 12,2013



A 30 -
1
254
'
20 A B S
=N
£ i #
3 T
g 15 4
(=%
<
10 4
5 -
0 T T T T T T
@) N N < N Q
QQ@A é‘\ Q@. ézk
&9 S 9
15 Min Incubation 60 Min Recovery
B
35
30 —L
25
;::J] 20
:% 15 #
<
10
5
0
3 N & < N &
e“@ s Qe“@ s

30 Min Incubation 60 Min Recovery

FIGURE 2. Effects of DNP on ATP content of cells. Cells incubated for 15 min
(A) or 30 min (B) with DNP (values in parentheses are in millimolar) were ana-
lyzed for total ATP contents as under “Experimental Procedures.” After incu-
bation, DNP was removed, and a further 60-min incubation was conducted
(“recovery”). *, p < 0.05 versus first incubation-control. #, p < 0.05 versus
recovery period-control.
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FIGURE 3. Effects of azide on ATP content of cells. Cells incubated for 30 min
with azide (values in parentheses are in millimolar) were analyzed for total ATP
contents. After incubation, azide was removed, and a further 60-min incuba-
tion was conducted (recovery). *, p < 0.05 versus appropriate control (first
incubation or recovery period).

in both the first incubation and after the recovery period (cf
Figs. 4 and 5). Thus, the experiments to this point established
incubation times and concentrations for reversibly diminishing
ATP levels with two types of mitochondrial energy perturbants.
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FIGURE 4. Cell viability response to DNP assessed with trypan blue dye
exclusion. Cells were treated with DNP under similar conditions as those in
Fig. 2, trypsinized, and counted with a hemocytometer. Viability was
expressed as a percentage. ¥, p < 0.05 versus appropriate control (first incu-
bation or recovery period).
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FIGURE 5. Cell viability response to azide assessed with trypan blue dye
exclusion. Cells were treated with azide under similar conditions to those in
Fig. 3, trypsinized, and counted with a hemocytometer. Viability was
expressed as a percentage. *, p < 0.05 versus appropriate control (first incu-
bation or recovery period).

Because the cells remained viable as determined by trypan blue
exclusion, the studies establish control conditions to explore
the recovery period after this energy perturbation.

PCr Recovery—The recovery of phosphocreatine from
energy perturbation has been used as a measure of oxidative
phosphorylation in muscle in vivo (18, 19). To establish this
system for cell cultures, we measured the recovery of phospho-
creatine concentrations using the conditions we established for
reversible recovery from DNP and azide. The results for both
DNP and azide are shown in Table 1. In the first incubation
period, DNP lowered phosphocreatine levels compared with
control in 15 min and was even further decreased at 30 min. A
similar result was obtained with azide. Recovery from DNP was
complete if the first incubation was carried out for 15 min and
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TABLE 1

Phosphocreatine recovery from DNP and azide

The upper rows represent data from the first incubation(First Inc), carried out at 15
or 30 min as indicated. When present, DNP was at 0.1 mMm and azide at 4 mm. The
recovery experiments were all conducted for 60 min, following either the 15 or 30
min first incubation. All values are phosphocreatine results in wmol/mg protein,
means * S.E.

Condition Control DNP Control Azide
wmol/mg protein wmol/mg protein
FirstInc, 15min 133 *0.6 9.77 =043 123 *0.6 9.08 = 0.31
First Inc, 30 min 134+ 09 8.63 *0.58* 123 =*0.5 8.16 = 0.50"
Recovery 136 0.5 12.2*0.3 13.7*+09 11.3 *0.6"
(from 15 min)
Recovery 13.2+09 10.7=0.7¢ 129+ 0.6 10.1 =0.3*

(from 30 min)

“ p < 0.05 versus control for DNP or azide.

was partial if the first incubation was carried out for 30 min. The
pattern was similar for azide, although in this case, even after 15
min of a first incubation with azide, phosphocreatine recovery
was not complete; it was less so if the first incubation was con-
ducted for 30 min.

Influence of Metformin on PCr Recovery—With conditions
established to measure mitochondrial function by PCr recov-
ery, we examined the influence of metformin at concentrations
from 5 to 80 mm. Metformin stimulated PCr recovery when
present at concentrations between 10 and 20 mm both in the
case of recovery from DNP (Fig. 6) and from azide (Fig. 7).
Higher concentrations of metformin led to a decline in PCr
recovery from the peak stimulation by metformin (Figs. 6 and
7).

A time course of the influence of metformin (15 mm) on PCr
recovery is presented in Fig. 8. Both recovery from DNP (Fig.
8A) as well as recovery from azide (Fig. 8B8) were stimulated
over time by the presence of metformin. We did not observe a
decrease in PCr recovery by metformin at any time point exam-
ined. As a control for the results of Fig. 8, we also measured
phosphocreatine levels in response to metformin without a
prior incubation with inhibitor. As expected, these levels rose in
keeping with establishment of the equilibrium at creatine phos-
phokinase. However, the response was distinct from PCr recov-
ery; at 30 and 60 min the increase was 14 and 6.5%.

Lactate Formation—Lactate was measured as an index of gly-
colysis during recovery from DNP or azide treatment. The
results for DNP are shown in Fig. 9. Metformin alone increased
lactate formation over time as has been well established previ-
ously (7, 16). Pretreatment with DNP itself led to an increased
lactate formation over the 60-min recovery period. The further
addition of metformin during the recovery period did not alter
lactate concentration compared with DNP alone. The same
experiment performed with azide did show a greater lactate
formation when metformin was present during the recovery
period (Fig. 10).

MTT Assay—The tetrazolium salt MTT is commonly used as
ameasurement of cell viability as electrons are transferred from
the electron transport chain, reducing the tetrazolium salt to a
colored formazan (25-28). Thus, an increased rate of reduction
(absorbance) is commonly taken as an increase in cellular via-
bility. As shown in Fig. 11, metformin alone did not affect MTT
reduction during the incubation or the recovery period. DNP or
azide alone depressed MTT reduction during the incubation
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FIGURE 6. Effects of metformin concentration on PCr recovery from DNP.
Cells were incubated for 30 min with 0.1 mm DNP and subsequently incu-
bated a further 60 min after removal of DNP (recovery). The 1st bar (C) repre-
sents control without DNP in the second incubation period. All other incuba-
tions had DNP alone (“DNP Cont,” single hatched bar) or with the additional
presence of metformin (cross-hatched bars) at millimolar concentrations indi-
cated in parentheses. *, p < 0.05 versus DNP control; #, p < 0.05 versus 20 mm
metformin.
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FIGURE 7. Effects of metformin concentration on PCrrecovery from azide.
Cells were incubated for 30 min with 0.1 mm azide and subsequently incu-
bated a further 60 min after removal of azide (recovery). The 1st bar (C) repre-
sents control without azide in the second incubation period. All other incu-
bations had azide alone (“Azide Cont” single hatched bar) or with the
additional presence of metformin (cross-hatched bars) at millimolar concen-
trations indicated in parentheses. *, p < 0.05 versus DNP control; #, p < 0.05
versus 20 mm metformin.

period, but MTT reduction returned to control levels during
the recovery period (when the inhibitors were removed). When
metformin was present during recovery from either azide or
DNP, MTT reduction increased significantly beyond the con-
trol levels. This effect was quantitatively greater during recov-
ery from DNP than with azide.

Adenine Nucleotide Contents in Response to Metformin and
EHNA—Because direct measurements of cellular ADP and
AMP contents do not reflect the small fraction of free, metabol-
ically available concentrations of these nucleotides, we used
indicator reactions to estimate their free concentrations. The
near-equilibrium properties of creatine phosphokinase and
adenylate kinase in muscle cells permit these measurements
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FIGURE 9. Effect of metformin on the time course of lactate formation
during recovery from DNP. After 30 min of incubation with 0.1 mm DNP,
lactate was measured at 20, 40, and 60 min. Data shown are from the recovery
period. Symbols are as follows: open circles, control; filled circles, 15 mm met-
formin (present only during the recovery period); open triangles, 0.1 mm DNP;
filled triangles, both metformin and DNP added. *, p < 0.05 versus control.
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FIGURE 10. Effect of metformin on the time course of lactate formation
during recovery from azide. After 30 min of incubation with 4 mm azide,
lactate was measured at 20, 40, and 60 min. Data shown are from the recovery
period; when added, metformin was only present during the recovery period.
Symbols are as follows: open circles, control; filled circles, 15 mm metformin;
open triangles, 4 mm azide; filled triangles, both metformin and azide added. *,
p < 0.05 versus control.

(29, 30). Using this technique, we found that both metformin
and the AMP deaminase inhibitor EHNA increased ADP mod-
estly and AMP substantially (Table 2). No effect of metformin
on ATP concentration was observed.
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FIGURE 11. Effects of metformin, DNP, and azide on MTT reduction. MTT
reduction was measured during both a 30-min incubation and a 60-min
recovery period after removal of DNP (0.1 mm) or azide (4 mm). Metformin,
present only during the recovery period, was added at 15 mm concentration.
*, p < 0.05 versus corresponding control (incubation or recovery).

TABLE 2
Analysis of cellular ATP, ADP, and AMP

L6 cells were incubated 45 min. Metformin when present was 15 mm; EHNA was
present at 100 um.

Addition ATP ADP AMP
nmol/mg protein
Control 24+12 0.76 = 0.05 0.024 = 0.002
Metformin 24+ 1.7 1.14 = 0.09* 0.053 = 0.006”
EHNA 24+ 21 1.39 = 0.13* 0.081 *= 0.009”

“ p < 0.05 versus corresponding control value.

DISCUSSION

The hypothesis that metformin (as well the biguanine of sim-
ilar structure, phenformin) acts by inhibition of mitochondrial
energy formation was formulated over 50 years ago (31), with
most studies on its proposed mechanism (complex I of the res-
piratory chain) using isolated mitochondria or permeabilized
cells (3—5, 32). The other evidence that is used to suggest that
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metformin inhibits mitochondrial respiration arises from inter-
pretations of metabolic pathway results in cells, mostly liver
and muscle. Metformin inhibits gluconeogenesis in liver (5)
and stimulates glycolysis and glucose transport in muscle (33).
Because metformin acts to increase energy provision by cells
through the activation of AMPK, these observations would be
consistent with the idea that metformin might block mitochon-
dria, lower ATP, and increase the concentration of ADP and
subsequently that of AMP (the latter due to the near-equilib-
rium nature of adenylate kinase). ATP, ADP, and AMP are all
allosteric effectors of AMPK, and the changes suggested would
be in the right direction to activate it.

The process of fatty acid oxidation is stimulated by met-
formin in both liver and muscle (10, 17, 34). Fatty acid oxidation
produces NADH and QH,, mobile cofactors that must be
regenerated in order for fatty acid to proceed (16). If complex I
is inhibited, reoxidation of these cofactors is blocked, as dem-
onstrated by the use of rotenone, a known complex I inhibitor
(16). This is at odds with the hypothesis that the metformin
mechanism involves inhibition of complex I. The purpose of
this study was to address the question of how metformin does
affect mitochondrial energy production by assessing this
parameter in intact cells, using the method of phosphocreatine
recovery. The finding that mitochondrial energy production is
stimulated is consistent with all known metabolic actions of
metformin.

Mitochondrial Inhibitor Studies—A large number of mito-
chondrial inhibitors activate AMPK, as summarized in a review
in 2004 (35). These include the two used in this study, azide
(representing the class of respiratory chain blockers) and DNP
(representing the class of uncouplers). Because metformin also
activates AMPK, many investigators have drawn the conclusion
that mitochondrial inhibitors and metformin share the same
mechanism. Following the interruption of mitochondrial
energy production, it is a reasonable interpretation that cellular
AMP increases and causes the observed AMP activation. If
metformin inhibited energy production, then it should mimic
mitochondrial poisons like those used here, and ATP levels
would decline. However, as we show in this study, metformin
caused an increase in free ADP concentration and a greater
increase in free AMP concentration with no change in ATP
levels. A simple resolution of these findings would be separate
mechanisms of AMPK activation as follows: one through direct
energy inhibition, which accounts for the array of mitochon-
drial poisons (35), and a separate one for metformin.

Cell Viability—Because mitochondrial inhibition is a pro-
posed means of metformin action, and also because we used
mitochondrial poisons in the PCr recovery method, it was
important to consider cell viability. We found that both DNP
and azide depress total cellular ATP levels, but (with empiri-
cally determined concentrations and exposure times) the levels
of ATP returned to control after the inhibitors were removed.
Higher concentrations or exposure times led to an irreversible
decline in ATP levels, suggesting a loss of cell viability. Cornell
(36) considered measurement of total ATP concentration the
best means of measuring cell viability. This must be modified
somewhat to account for our finding that cell ATP levels can
decline transiently but recover. Thus, when either uncoupler or
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azide is present, the cells are unable to maintain their ATP
levels, but they remain viable as shown by the return of control
ATP concentrations after removal of the inhibitors. Because a
decrease in ATP constitutes an exception to the use of ATP asa
strict viability assay (37), we considered alternatives.

Trypan blue was excluded from cells even during the first
incubation with the inhibitors, supporting the notion that cells
remained intact under these conditions. Still, trypan blue dye
exclusion has been criticized as being less sensitive than other
methods (36, 37), so we examined a third technique, the reduc-
tion of MTT (3, 38).

Although most of our findings showed similar cell viability
results with MTT, we observed an increased MTT reduction in
the presence of metformin during the recovery period. This
must not be a measure of cell viability, as MTT reduction
exceeded 100%. It is likely that because MTT accepts electrons
from mitochondria; it is actually a measure of the rate of mito-
chonderial electron transport, a distinct process from cell viabil-
ity. Anincreased electron transport by mitochondria, indicated
by MTT reduction, is consistent with our finding that PCr
recovery was increased by metformin. Thus, the MTT result
provides an independent measure of an increase in mitochon-
drial electron transport induced by metformin.

Phosphocreatine Recovery—As the previous studies examin-
ing the effect of metformin on mitochondria have used only
isolated mitochondria or detergent-permeabilized cells, we
measured phosphocreatine recovery, which can be conducted
in intact cells. The ability of cells to form phosphocreatine after
interruption of mitochondrial energy has been established for
muscle in vivo (18, 19). The adaptation for cell culture required
a means of rapid and reversible interruption of mitochondria.
As this could not be easily accomplished by altering the gas
composition, we used limited exposure of two distinct inhibi-
tors of mitochondria as follows: the electron transfer blocker
azide and the uncoupler DNP. We found similar results for both
inhibitors. The formation of lactate, as was the case in the stud-
ies of in vivo PCr recovery (18, 19), did not account for the
rephosphorylation of creatine. This was especially clear with
DNP, as lactate did not accumulate in the presence of met-
formin beyond that of DNP alone.

Itis of interest that phosphocreatine is also used as part of the
near-equilibrium indicator system to measure ADP and AMP
and that metformin causes increases in phosphocreatine levels
by itself. However, the levels of phosphocreatine do not steadily
rise with time; rather, they decline after a 30-min period relative
to control. Thus, PCr recovery reflects a steady increase in the
levels of phosphocreatine as more ATP is restored to the cells,
whereas in the absence of inhibitors, phosphocreatine adjusts
to its equilibrium point between cellular ATP, ADP, and
creatine.

If metformin was a mitochondrial respiration inhibitor, ATP
levels would fall, and the PCr recovery would be impaired; and
phosphocreatine levels would decline. None of these events
were observed.

Metformin Concentration—The ranges of metformin con-
centrations used in these studies and in our previous one (16)
are higher than those used clinically (39). However, titrations
showed the concentrations used in our studies of L6 cells were
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those needed to elicit the expected physiological actions of met-
formin (e.g glucose uptake and fatty acid oxidation stimula-
tion). Similar concentrations were used by other investigators
as well. A wide range of metformin concentrations was studied
by Otto et al. (40) in hepatocytes, who showed that millimolar
concentrations (1-50 mM) were needed for immediate effects
in cells but that lower concentrations (500 uM and less) were
effective if cells were incubated for 24 h. Thus, like most drugs,
there is an interdependence between time and concentration
for effectiveness. It is also of interest that the same high con-
centrations of metformin were necessary to demonstrate the
inhibition of mitochondrial complex I (41), and these were in
broken cell preparations. 10 mM metformin caused less than
10% inhibition of complex I (40). As demonstrated in this study,
neither ATP concentrations nor trypan blue exclusion was
affected by this concentration of metformin. It is true that con-
centrations of agents added in experiments are critical; how-
ever, they must be correlated to a cellular function for in vitro
testing, such as glucose uptake or fatty acid oxidation.

Logic of Metformin Actions—A logical principle describing
metformin actions (42) is that it enhances pathways that pro-
duce cellular energy and decreases pathways that utilize cellular
energy. This is consistent with the known action of metformin
invivo as a widely used drug that causes weight loss, rather than
the weight gain attendant upon many diabetes medications
(43). However, the notion that inhibition of mitochondrial
complex I is a site of metformin action is not consistent with
this logic. Blocking mitochondrial energy formation impairs
the most significant energy provision pathway in the cell.

Indeed, if the observed decrease in gluconeogenesis was the
result of a primary drop in ATP, it would not be preserving
cellular energy but rather secondarily inhibiting that pathway
due to a lack of ATP to support it. In fact, most studies have
shown that gluconeogenesis is regulated in the long term by
suppression of the expression of key gluconeogenic enzymes
(20, 21, 45, 46). Thus, it is not the diminution of ATP that
decreases gluconeogenesis but rather the decrease in enzyme
expression.

It may be argued that an equivalent activity of metformin
increasing energy-producing pathways is the inhibition of
energy-consuming pathways (i.e. metformin inhibits hepatic
gluconeogenesis). However, inhibition of energy-consuming
pathways would lead to less mitochondrial activity, rather than
more. If this were the predominant action of metformin, then
we would expect to observe a decreased PCr recovery as mito-
chondria would respond to the new situation of reduced energy
demand.

The known increase in fatty acid oxidation is also not possi-
ble if mitochondrial electron transport was inhibited by met-
formin. NAD* needed for fatty acid oxidation would be
unavailable if complex I was inhibited. We showed previously
that even a modest inhibition of complex I by low concentra-
tions of rotenone still inhibited fatty acid oxidation (16). Short
term stimulation of fatty acid oxidation is mechanistically the
best understood of the actions of metformin, acting through
acetyl-CoA carboxylase inhibition, a decrease in malonyl-CoA,
and subsequently increased fatty acid entry to the mitochondria
(47). It is possible to construe a mechanism for complex I inhi-
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bition by signals generated by a small inhibition that leads to
increased mitochondria and increased mitochondrial synthesis
(48), which will support a greater fatty acid oxidation. However,
this mechanism requires a short term inhibition of fatty acid
oxidation, which is the opposite of what is found. Not only that,
if mitochondrial biogenesis was the only reason for stimulating
fatty acid oxidation, once mitochondria restored the hypothe-
sized small inhibition, the signal for sustaining the increase in
mitochondria would be eliminated. Thus, no increase in fatty
acid oxidation can be rationalized by a mechanism that inhibits
mitochondrial energy production.

The interpretation of metformin increasing lactate forma-
tion due to mitochondrial inhibition is similar to the original
explanation of the Warburg effect. In cancer cells, the increased
lactate production led Warburg to propose that proliferating
cells had defective mitochondria (49). However, it is now clear
that proliferating cells and many cancer cells have functioning
mitochondria; the increased glycolysis serves pathways con-
nected to glycolysis that are needed to supply materials for rap-
idly growing cells (50). In addition, we found no change in total
cellular ATP and that the increase in lactate was insufficient to
account for the increased PCr formed during the recovery
period.

AMPK-independent Actions of Metformin—W e have previ-
ously proposed that inhibition of AMPD could serve as a target
of metformin, explaining the increase in AMP without changes
in ATP and consistent with all known metabolic actions of met-
formin, including AMPK activation (16). This hypothesis has
received some support (51). As we show here, direct inhibition
of AMPD by the inhibitor EHNA replicates the effect of met-
formin on the adenine nucleotides. However, others have pro-
posed that metformin may act through an AMPK-independent
means.

Foretz et al. (52) suggested that metformin acts through a
decrease in cellular energy production, independently of
AMPK. However, the response to metformin required several
hours and was associated with not only a rise in the ratio of total
AMP/ATP but a metformin-induced loss in total adenine
nucleotides. It is possible that loss of cell viability occurred
under the conditions of that study. Notably, the investigators
observed that a knock-out of AMPK led to a greater loss of ATP.
This was also observed in a later study by the same investigators
(53), which more specifically aimed to demonstrate that met-
formin activates AMPK by inhibiting respiration at complex I.
Here, too, ablation of AMPK enhanced the loss of ATP and the
rise in total AMP. Buler et al. (54) also demonstrated that
AMPK ablation led to a greater metformin-dependent loss in
cellular ATP. These investigators also showed that metformin
led to an increase in mitochondrial biogenesis and proposed
this as a “decompensation mechanism” from the lost ATP pro-
duction. The metformin-induced decompensation, however, is
inconsistent with inhibiting mitochondrial energy formation.

Bruckbauer and Zurkel (55) recently observed an increased
oxygen uptake by C2C12 cells within minutes of exposure to
metformin, and argued against respiratory inhibition by this
drug. Similarly, two recent reports (56, 57) have shown that
metformin suppresses oxygen radical formation by cell cul-
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tures, again suggesting a stimulation of mitochondrial respira-
tion rather than an inhibition.

In keeping with the well established finding that ATP levels
are constant in cells, the fact that alterations can occur in iso-
lated cell systems may be attributed to either a long term alter-
ation in the cell or a loss in viability. Indeed, a drop in cellular
ATP is taken as an index of cell viability (36).

This study does not resolve the question of whether met-
formin requires AMPK for all of its actions. An AMPK-inde-
pendent action of metformin (58) in muscle has been reported,
although in this case, an alternative AMP-activated and LKB-
dependent protein kinase (SNARK) was shown to be involved.
What this study does suggest is that metformin does not act
through an inhibition of mitochondria. The further evidence of
a rise in AMP and of ADP in those studies (52, 53, 59) is also
misleading, as the measurement represents total rather than
free concentrations of these nucleotides. It is known that both
ADP and AMP are largely bound to proteins within cells; esti-
mates of their free concentrations require near-equilibrium
analysis (44).

In conclusion, three experimental findings counter the belief
that metformin can decrease cellular ATP. First, direct analysis
of ATP levels indicated no change in this nucleotide over the
short term course of metformin incubation. The levels of free
ADP and AMP increased, showing that a mechanism apart
from the breakdown of ATP is likely responsible for the large
increase in free AMP subsequent to metformin. Second, the
metformin-induced increased reduction of MTT following
challenge of cells with either DNP or azide demonstrates that
electron flow in mitochondria increased rather than decreased
in the presence of metformin. Third, PCr recovery increased
following metformin treatment, whether recovery was from
uncoupling (DNP) or inhibition of mitochondrial electron flow
(azide). This evidence is consistent with the established meta-
bolic actions of metformin, in particular the stimulation of fatty
acid oxidation in both liver and muscle cells. It is also consistent
with long known observations that ATP levels do not change
during normal cell metabolism, even in rapidly contracting
muscle.
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