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The mechanism for how metformin activates AMPK (AMP-
activated kinase) was investigated in isolated skeletal muscle
L6 cells. A widely held notion is that inhibition of the mito-
chondrial respiratory chain is central to the mechanism. We
also considered other proposals for metformin action. As met-
abolic pathway markers, we focused on glucose transport and
fatty acid oxidation. We also confirmed metformin actions on
other metabolic processes in L6 cells. Metformin stimulated
both glucose transport and fatty acid oxidation. The mito-
chondrial Complex I inhibitor rotenone also stimulated
glucose transport but it inhibited fatty acid oxidation, inde-
pendently of metformin. The peroxynitrite generator 3-mor-
pholinosydnonimine stimulated glucose transport, but inhib-
ited fatty acid oxidation. Addition of the nitric oxide precursor
arginine to cells did not affect glucose transport. These studies
differentiate metformin from inhibition of mitochondrial res-
piration and from active nitrogen species. Knockdown of ad-
enylate kinase also failed to affect metformin stimulation of
glucose transport. Hence, any means of increase in ADP ap-
pears not to be involved in the metformin mechanism. Knock-
down of LKB1, an upstream kinase and AMPK activator, did
not affect metformin action. Having ruled out existing propos-
als, we suggest a new one: metformin might increase AMP
through inhibition of AMP deaminase (AMPD). We found that
metformin inhibited purified AMP deaminase activity. Fur-
thermore, a known inhibitor of AMPD stimulated glucose up-
take and fatty acid oxidation. Both metformin and the AMPD
inhibitor suppressed ammonia accumulation by the cells.
Knockdown of AMPD obviated metformin stimulation of glu-
cose transport. We conclude that AMPD inhibition is the
mechanism of metformin action.

Metformin is currently the most widely used drug for Type
II diabetes, and its use is indicated for other diseases related
to metabolic syndrome (1). Although the drug has been used
for over 50 years (2), its mechanism remains unclear. Re-
cently, it was discovered that metformin causes an activation
of the enzyme AMP-activated kinase (AMPK)2 (3), which is
now established as a central regulator of intermediary metab-

olism. The enzyme is broadly distributed, and established as a
key regulator of skeletal muscle metabolism (4–6).
The regulation of AMPK is illustrated in Fig. 1. AMPK acti-

vation requires phosphorylation at a specific threonine resi-
due (7). In muscle, the major kinase catalyzing this reaction
has been suggested to be LKB1 (8). Thus, the upstream kinase
of AMPK is a potential regulatory site (7). In fact, it has been
proposed that in liver cells LKB1 activation is the mechanism
for metformin activation of AMPK, based on the observation
that genetic ablation of the LKB1 eliminated the ability of
metformin to activate AMPK in vivo (9). However, evidence
also exists against the possibility that LKB1 is the target of
metformin action (10, 11).
There are other proposals for how metformin might acti-

vate AMPK, and all of these involve increased production of
AMP. This nucleotide, whereas present in near millimolar
concentrations in cells, is present in its free state in the cy-
tosol at micromolar concentrations (12). Increasing AMP
concentrations favor its binding to AMPK, both promoting
and maintaining the active phosphorylated form (13).
A commonly proposed mechanism for metformin action is

an inhibition of mitochondrial respiration at Complex I. This
interruption of energy production would decrease ATP pro-
duction and hence elevate the concentration of ADP. This in
turn would elevate the concentration of AMP through the
action of adenylate kinase (14–17). This is consistent with an
increase in glucose transport that occurs with mitochondrial
respiratory inhibition (18).
A variant on the mitochondrial respiration inhibition is the

possibility that a reactive nitrogen (19) and/or oxygen species
(20) is responsible for activation of AMPK. Thus nitric oxide
or the adduct peroxinitrate of nitric oxide plus superoxide
(which is formed when mitochondrial respiration is blocked),
have been shown to activate AMPK, and could also account
for increased glucose uptake (19).
However, it is also known that in both liver andmuscle other

metabolic processes are affected bymetformin. In both of these
tissues, metformin stimulates fatty acid oxidation (21–24). It is
difficult to rationalize an inhibition of respiration with a stimula-
tion of fatty acid oxidation.We therefore assessed currently pro-
posedmechanisms of action for metformin for their ability to
stimulate both glucose uptake and fatty acid oxidation. As none
of the current proposals met these conditions, we formed a new
hypothesis: AMP deaminase (representing AMP breakdown)
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might be inhibited bymetformin.We present evidence consist-
ent with this hypothesis.

EXPERIMENTAL PROCEDURES

Materials—Metformin, and most chemicals, including BSA
(bovine serum albumin, essentially fatty acid free), were ob-
tained from Sigma. Prior to use, BSA was dialyzed extensively
against Krebs-Henseleit bicarbonate buffer (KHB). Palmitic
acid was from Nu-Chek Prep Inc. (Elysian, MN). Dulbecco’s
modified Eagle’s medium (DMEM), �-minimum essential
medium (�-MEM), Hanks’ balanced salt solution, fetal bovine
serum (FBS), horse serum, trypsin, and NuPAGE 4–12% Bis-
Tris gel, and Lipofectamine transfection reagents were from
Invitrogen. Scintillation vials were obtained fromWheaton
(Millville, NJ) and Scintisafe (30% advanced safety LSC mix-
ture) from Fischer Scientific (Fairlawn, NJ). Cell culture plates
and flasks were obtained from Corning Inc. (Corning, NY).
2-Deoxy-D-[2,6-3H]glucose, [1-14C]palmitic acid, and
D-[U-14C]glucose were from Amersham Biosciences. Nitro-
cellulose membranes were obtained from Bio-Rad. Adenylate
kinase 1 siRNA (siGenome duplex AK1), DharmaFECT 3
siRNA transfection reagent, negative control siRNA
(siCONTROL Non-Targeting siRNA), 5� siRNA buffer, and
transfection medium were obtained from Dharmacon Inc.
(Chicago, IL). AK1 antibody, LKB1 siRNA, and AMPD siRNA
were from Santa Cruz Biotechnology. All other antibodies
including AMPK� antibody and P-AMPK� antibody (phos-
phor-Thr172 specific) were from Cell Signaling Technology
(Danvers, MA).
Cell Culture—L6 rat skeletal muscle cells were cultured in

DMEM supplemented with 10% FBS. Cells were converted to
myotubes by switching to �-MEM with 2% horse serum for 1
day, and then to �-MEM with 1% horse serum for 5–8 days
prior to use for experiments. Details of the cell preparation
are provided in a prior publication (25).
Lactate Formation—For lactate formation, cells were incu-

bated for 4 h, after which 125 �l of incubation medium was

taken for enzymatic end point assay (26) using the HTS 7000
BioPlate Reader.
Glycogen Content Measurement—Glycogen content was

assessed by using modified amyloglucosidase assay as previ-
ously described (27, 28). After aspiration of the medium, ad-
herent cell monolayers were extracted with 400 �l of 30%
(w/v) KOH and boiled for 15 min. Aliquots were spotted onto
Whatman 3T paper, which was then immersed in ice-cold
66% (v/v) ethanol. The papers were washed twice with 66%
ethanol, and dried papers containing precipitated glycogen
were incubated in 2 ml of 0.4 M acetate buffer (pH 4.8) con-
taining 25 units/ml of �-amyloglucosidase for 90 min at 37 °C.
Glucose released from glycogen was measured by using an
enzymatic end point assay for glucose using hexokinase.
Glucose Uptake Assay—Glucose uptake was determined as

the rate of 2-deoxy-D-[2,6-3H]glucose uptake, using a modifi-
cation of a previous method (29). The cells were first incu-
bated for 15 min with KHB, glucose, and other agents as indi-
cated. At this point, the labeled deoxyglucose (0.6 �Ci) was
added to each well and the incubation continued for 45 min.
The medium was aspirated, and the wells were washed three
times with ice-cold KHB to remove exogenous label. The cells
were lysed by the addition of 0.1% Triton X-100 (1 ml). Sam-
ples of each well were mixed with aqueous scintillation fluid
and measured by liquid scintillation counting.
Palmitate Oxidation Assay—Palmitate oxidation was deter-

mined by a modification of quantitative measuring the rate of
14CO2 production from 14C-labeled palmitic acid as described
previously (30). The KHB for these incubations was supple-
mented with fatty acid-poor albumin dialyzed against the
same buffer (three changes). The final albumin concentration
was 1%. After an initial 10 min of incubation, all samples re-
ceived 2 mM carnitine and [1-14C]palmitic acid (1 �Ci/mmol),
and other additions as noted, and incubations were continued
for 3 h. Aliquots of 0.8 ml were taken from each well to an
Eppendorf tube. Each tube had a circular piece of filter paper,
produced with a paper punch, attached to the inside of the lid,
to which 15 �l of 2 M NaOH was added. 200 �l of 3 M per-
chloric acid was carefully added to the 0.8 ml to ensure no
acid was deposited on the side of the tube, and the lid was
quickly closed. The tubes were incubated overnight to allow
the [14C]CO2 to be absorbed into the wick. The caps were
detached and placed in 10 ml of liquid scintillation fluid for
counting.
Glycogen Synthesis—Glycogen synthesis was determined by

a modification of the incorporation of D-[U-14C]glucose into
glycogen as previously described (31, 32). After incubation,
cells were washed with ice-cold KHB and lysed in 0.5 ml of
KOH (30%). Aliquots of 0.2 ml were spotted onto Whatman
3T paper, and glycogen was precipitated by immersing the
papers in ice-cold 66% (v/v) ethanol overnight. Whatman 3T
paper containing precipitated glycogen was transferred to
scintillation vials for radioactivity counting.
Transfection of siRNA—L6 cells were transfected with 100

nM AK1/LKB1/AMPD siRNA for 3 days by the following pro-
cedure: 104 cells/well were seeded in 12-well plates that were
incubated with DMEM with 10% FBS for 2 h before transfec-
tion with 2 �M siRNA solution in 1� siRNA buffer or control

FIGURE 1. AMPK in muscle. The proposed mechanisms for the action of
metformin in stimulating AMPK can be mapped to this diagram. The en-
zyme needs to be phosphorylated (1), which is catalyzed principally by LBK1
in liver and muscle. Dephosphorylation (2) inactivates the enzyme; how-
ever, binding to AMP leads to activation (3) by making AMPK a poorer sub-
strate for the phosphatase. Normally, energy demand (4) can increase ADP
and consequently AMP concentration by means of increased flow through
adenylate kinase (5). Alternatively, AMP may arise by an increased ADP due
to interruption of mitochondrial energy supply, which would also increase
AMP concentration involving flow-through adenylate kinase (5). The pres-
ent work supports a new site of action for metformin, the AMP deaminase
(6). Also shown are several metabolic processes known to be affected by
AMPK activation via metformin: glucose uptake, fatty acid oxidation, glyco-
gen synthesis, and lactate formation.
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RNase-free solution. siRNA and transfection reagent were
diluted with transfection medium, added to cells in DMEM
and 10% FBS, and incubated at 37 °C in 5% CO2 for 2 days.
The medium was changed to �-MEM with 1% horse serum
with transfection solution for 1 day. Finally, the medium was
switched to �-MEM with 1% horse serum without transfec-
tion solution for another 4 days. For experiments, cells were
incubated with serum-free medium for 2 h, treated with or
without 10 mM metformin in the presence of 5 mM glucose for
2 h. Expressed protein content (AK1, LKB1, and AMPD) was
visualized by Western blot.
Western Blot—To extract total protein, cells were lysed

with 100 �l of buffer containing 2% (w/v) SDS, 62.5 mM Tris
(pH 6.8), 10% glycerol, 50 mM DTT, and 0.01% (w/v) brom-
phenol blue. The procedure of the commercial source of the
antibody (Cell Signaling Technology) was essentially followed.
The lysates were heated at 95–100 °C for 5 min and cooled on
ice. Aliquots of 20 �g of protein were loaded onto a 10% SDS-
PAGE gel, and subsequently electroblotted onto nitrocellulose
membranes. Membranes were incubated at room tempera-
ture for 1 h in blocking buffer containing Tris-buffered saline,
0.1% Tween 20, and 5% nonfat dry milk. Membranes were
then incubated with 1:1000 dilution of primary antibody in 10
ml of blocking buffer overnight at 4 °C. Then membranes
were incubated with horseradish peroxidase-conjugated sec-
ondary antibody (1:2000) and horseradish peroxidase-conju-
gated anti-biotin antibody (1:1000) to detect biotinylated pro-
tein markers in 10 ml of blocking buffer for 1 h at room
temperature. Immunoreactive proteins were revealed using
enhanced chemiluminescence detection (LumiGLOTM, Cell
Signaling).
AMP Deaminase Purification—Rabbit skeletal muscle AMP

deaminase was purified by using cellulose phosphate as de-
scribed by Smiley et al. (33). Briefly, frozen rabbit muscle was
ground, mixed with 3.3 times its weight of extraction buffer
(0.18 M KCl, 0.054 M KH2PO4, 0.035 M K2HPO4, pH 6.5), and
homogenized for 15 s in a Waring Blender. The slurry was
stirred at room temperature for 1 h and centrifuged at
14,000 � g for 15 min. The supernatant fraction was poured
through two layers of cheesecloth, after which dry cellulose
phosphate, which was previously washed and equilibrated
with the extraction buffer, was added. After stirring at least 10
min, the cellulose phosphate was allowed to settle. The cellu-
lose phosphate slurry was transferred to a sintered glass filter,
and washed repeatedly with extraction buffer followed by a
solution containing 0.45 M KCl adjusted to pH 7 with 1 M

K2HPO4. When no more protein was detected in the wash,
the cellulose phosphate was eluted with 1 M KCl (pH 7). The
A280:A260 ratio for the final elute was 1.8 or higher showing
little or no contamination by nucleic acids. The enzyme was
precipitated by the addition of 0.26 g of solid K2HPO4 for
each milliliter of solution. After centrifugation, the precipitate
was dissolved in a minimal volume of 0.45 M KC1 at pH 7 to
form a near saturated solution at room temperature.
Enzyme Assay—AMP deaminase activity was measured as

described by Ashby and Frieden (34). The assay monitored
the absorbance change at 285 nm as a result of AMP conver-
sion to IMP in a reaction volume of 2 ml containing 50 mM

imidazole-HCl (pH 7.0), 2 mM AMP, and 150 mM KCl. The
enzyme activity is expressed as micromoles of IMP produced
per min per mg of soluble protein.
Ammonia Assay—Ammonia was measured as described by

Kun (35). An end point analysis was performed measuring
�-ketoglutaric acid-dependent NADH oxidation at 340 nm,
driven by glutamate dehydrogenase.
Statistical Analysis—Statistical evaluation was performed

using Student’s t test or one-way analysis of variance followed
by the Student-Newman-Keuls post hoc test as appropriate.
Data are expressed as mean � S.E. (error bars), and the level
of significance was set at p � 0.05.

RESULTS

Metabolic Characterization of Metformin in L6 Skeletal
Muscle Cell Cultures—To demonstrate characteristic met-
formin action in our model, we measured a number of param-
eters linked to metformin. These included: glucose uptake,
fatty acid oxidation, lactate formation, and the phosphoryla-
tion of AMPK. For the key processes of glucose uptake and
fatty acid oxidation, we additionally incubated cells with sub-
strate concentrations representing submaximal and maximal
concentrations to assess this variable in metformin action.
The known ability of metformin to cause phosphorylation

of AMPK was confirmed (Fig. 2A). We have confirmed and
extended metformin stimulation of glucose transport for L6
cells, using two separate concentrations of medium glucose
(Fig. 2B). Metformin also stimulated palmitate oxidation at
two levels of this substrate: submaximal (60 �M) and near sat-
urating (120 �M) palmitate concentration, as evident in Fig.
2C. We also explored the metabolic consequences of the
known glycogen synthase inhibition by AMPK activation (36,
37). As evident from Fig. 2D, metformin inhibited glycogen
synthesis, although no change in total glycogen content was
observed (Fig. 2E). We also confirmed an increase in lactate
production by metformin (Fig. 2F), once again at different
concentrations of medium glucose.
The percent stimulation of both glucose transport and fatty

acid oxidation in this study was usually between 30 and 50%;
lactate formation was stimulated somewhat more (about
60%). The changes were unaffected by substrate concentra-
tions (glucose, palmitate).
Comparison of Metformin to Rotenone—Several reports

suggest that metformin acts through inhibition of mitochon-
drial respiration by inhibiting complex I of the electron trans-
port chain (38–40). To investigate this mechanism we used
rotenone, a mitochondrial respiration inhibitor known to act
at Complex I. It is well known that rotenone can stimulate
both glucose transport and AMPK phosphorylation (41).
However, rotenone did not replicate metformin actions on
fatty acid oxidation. Whereas metformin stimulated fatty acid
oxidation, rotenone inhibited this process, at any concentra-
tion up to 250 �M (Fig. 3A). Although the stimulation of fatty
acid oxidation by metformin is well established, and the inhi-
bition of mitochondrial respiration by rotenone is also well
known, this is the first report to demonstrate both within the
context of metformin action. This strongly brings into ques-
tion the possibility that metformin acts as an inhibitor of mi-
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tochondrial respiration. We confirmed the rotenone stimula-
tion of glucose transport at the highest level of rotenone used
for fatty acid oxidation (Fig. 3B). The percent stimulation of
palmitate oxidation by metformin was about 30% in this series
of experiments, and was unaffected by the various concentra-
tions of rotenone.
Possible Role of Reactive Nitrogen Species in Metformin

Mechanism—An alternative proposal for the mechanism of
metformin is the involvement of nitric oxide (42). As one test
of this possibility, we incubated L6 cells with arginine, a pre-
cursor of nitric oxide and measured effects on glucose trans-
port. However, even at levels up to 40 mM, arginine had no
effect on glucose transport (Fig. 4A). As a converse experi-
ment, we determined if metformin stimulation could be an-
tagonized by inhibition of arginase. However, as shown in Fig.
4B, addition of two different selective arginase inhibitors did
not affect metformin stimulation of glucose transport.
A related possibility is that the reactive nitrogen species

peroxynitrite (ONOO�), the adduct of nitric oxide with su-
peroxide, is the intermediate for metformin activation of
AMPK (19). To test this, we used the compound SIN-1,
known as a generator of ONOO� (43). Although SIN-1 did in

fact stimulate glucose transport (Fig. 4C), it inhibited fatty
acid oxidation (Fig. 4D). Thus, its behavior mimicked rote-
none, rather than metformin.
Exploration of a Role for LKB1—LKB1 is an upstream ki-

nase of AMPK, proposed as the mediator of metformin action
in liver (9) and established as the principal kinase for convert-
ing AMPK to the active form in muscle (10). To determine its
possible role in metformin action in L6 cells, a knockdown of
LKB1 protein was performed using a selective siRNA. As
shown in Fig. 5A, the siRNA for LKB1, but not the control
siRNA substantially reduced LKB1 protein levels. As shown in
Fig. 5B, ablation of LKB1 had no effect on the ability of met-
formin to stimulate glucose uptake.
Possible Involvement of Adenylate Kinase in Metformin

Action—Adenylate kinase catalyzes the near equilibrium reac-
tion of ADP with ATP and AMP; the principal muscle iso-
form is AK1 (45). If metformin action causes increased ATP
turnover by any means, adenylate kinase flux would be re-
quired for the increased AMP to activate AMPK. To test this
possible role, a knockdown of AK1 was performed with a se-
lective siRNA. Fig. 6A shows that the siRNA for AK1 reduced
protein expression to very low levels. As adenylate kinase is in

FIGURE 2. Metabolic effects of metformin in L6 myotubes. A, effect of metformin on AMPK� phosphorylation in L6 myotubes. L6 cells were incubated
with or without 10 mM metformin for 2 h, and then AMPK� phosphorylation at Thr172 was measured by Western blot; AMPK� was used as a control.
P-AMPK�, phosphorylated AMPK�. AMPK� and P-AMPK� were probed with separate selective antibodies. Con, control; Met, metformin. B, effect of met-
formin on glucose uptake in L6 myotubes. L6 cells were incubated with low (0.5 mM) or high (5 mM) glucose with or without 10 mM metformin for 2 h, and
then glucose uptake was measured as described under “Experimental Procedures.” *, p � 0.05 versus 5 mM glucose (5 mM Glu); *, p � 0.05 versus 0.5 mM

glucose (0.5 mM Glu); Met, metformin. C, effect of metformin on palmitate oxidation in L6 myotubes. L6 cells were incubated with 60 or 120 �M palmitic acid
with or without 10 mM metformin for 3 h, and then palmitate oxidation was measured as described under “Experimental Procedures.” *, p � 0.05 versus 60
�M palmitic acid (60 �M PA) and 120 �M palmitic acid (120 �M PA), respectively; Met, metformin. D, effect of metformin on glycogen synthesis in L6 myo-
tubes. L6 cells were incubated with 0.5 or 5 mM glucose with or without 10 mM metformin for 2 h, and then glycogen synthesis was measured as described
under “Experimental Procedures.” *, p � 0.05 versus 0.5 mM glucose (0.5 mM Glu) and 5 mM glucose (5 mM Glu), respectively; Met, metformin. E, effect of met-
formin on glycogen content in L6 myotubes. L6 cells were incubated with 0.5 or 5 mM glucose with or without 10 mM metformin for 4 h, and then total gly-
cogen content was measured as described under “Experimental Procedures.” Glu, glucose; Met, metformin. F, effect of metformin on lactate formation in L6
myotubes. L6 cells were incubated with 0.5 or 5 mM glucose with or without 10 mM metformin for 4 h, and then lactate formation was measured as de-
scribed under “Experimental Procedures.” *, p � 0.05 versus 0.5 mM glucose (0.5 mM Glu) and 5 mM glucose (5 mM Glu), respectively. Data are expressed as
per mg of cellular protein.

FIGURE 3. Effect of rotenone on fatty acid oxidation and glucose uptake. A, effect of different concentrations of rotenone on metformin-induced palmi-
tate oxidation in L6 myotubes. L6 cells were incubated with 120 �M palmitic acid with or without different concentrations of rotenone and 10 mM met-
formin for 3 h, then palmitate oxidation was measured as described under “Experimental Procedures.” Control (dark bar) or with metformin (light bar); *, p �
0.05. B, effect of rotenone on glucose uptake in L6 cells. L6 cells were incubated with 5 mM glucose with or without 250 �M rotenone. Data are expressed as
per mg of cellular protein.
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very high concentrations in muscle, we performed a further
control to assess the functional knockdown of AK1, shown in
Fig. 6B. We used potassium depolarization as a means to in-
crease ATP turnover, which should then increase AMP by
flux through adenylate kinase. Fig. 6B shows that the knock-
down itself did not affect glucose uptake, nor did sub-thresh-
old levels of potassium. However, 80 mM or higher levels of
potassium did increase glucose transport, and under these
circumstances, concomitant knockdown of adenylate kinase
led to inhibition of glucose transport below control levels.
This established the validity of depolarization as a control for
adenylate kinase involvement.
We then examined the effect of the AK1 knockdown onmet-

formin stimulation of glucose transport.We found that, unlike K
depolarization, metformin stimulation of glucose uptake was
unaffected by the ablation of adenylate kinase (Fig. 6C).
AMPDeaminase Inhibition as a Locus of Metformin Action—

Having ruled out existing proposals for the action of met-
formin, we considered a new possibility: rather than
metformin increasing the formation of AMP, perhaps it
attenuates its removal. Because the first step of AMP re-
moval is deamination to IMP, we examined the possibility
that AMP deaminase (AMPD) might be inhibited by
metformin.
Fig. 7A shows that metformin inhibited the activity of puri-

fied AMPD, obtained from rabbit muscle. We have found in-

FIGURE 4. Effect of arginine and reactive nitrogen species on metformin action. A, effect of different concentrations of arginine on glucose uptake in L6
myotubes. L6 cells were incubated with 5 mM glucose with or without different concentrations of arginine for 2 h. B, effect of arginase inhibitors on met-
formin-induced glucose uptake in L6 myotubes. L6 cells were incubated with 5 mM glucose with or without 10 mM metformin, and combined with 10
�M NOHA or 1 �M BEC for 2 h, and then glucose uptake was measured. Met, metformin; NOHA, N�-hydroxy-nor-L-arginine; BEC, (S)-(2-boronoethyl)-L-
cysteine, HCl. *, p � 0.05 versus control. C, effect of SIN-1 on glucose uptake in L6 myotubes. L6 cells were incubated with 5 mM glucose with or with-
out 1 mM SIN-1 for 2 h, and then glucose uptake was measured as described under “Experimental Procedures.” *, p � 0.05 versus control. D, effect of
SIN-1 on palmitate oxidation in L6 myotubes. L6 cells were incubated with 120 �M palmitic acid with or without 1 mM SIN-1 for 3 h, and then palmi-
tate oxidation was measured as described under “Experimental Procedures.” *, p � 0.05 versus control. Data are expressed as per mg of cellular
protein.

FIGURE 5. Effect of LKB1 on metformin action. A, LKB1 protein expres-
sion treated with LKB1 siRNA. B, effect of LKB1 siRNA on metformin-in-
duced glucose uptake in L6 myotubes. After LKB1 siRNA transfection, L6
cells were incubated with 5 mM glucose with or without 10 mM met-
formin for 2 h, and then glucose uptake was measured as described un-
der “Experimental Procedures.” Data are expressed as per mg of cellular
protein. *, p � 0.05 versus no metformin.

Activating AMP Kinase through AMP Deaminase

6 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 1 • JANUARY 7, 2011



distinguishable results using commercially obtained adeno-
sine deaminase (data not shown). This is probably due to the
fact that the enzyme mechanisms are extremely similar; in
fact both enzymes are equally sensitive to the same inhibitors
(46).
A further prediction based on the hypothesis that met-

formin acts through AMPD inhibition is that ammonia for-
mation should be reduced when cells are incubated with met-
formin. In agreement with this expectation, we found (Fig.

7B) that metformin decreased ammonia accumulation in the
medium.
As a separate test, we compared the action of a known

AMPD inhibitor erythro-9-(2-hydroxy-3-nonyl)-adenine
(EHNA) with metformin. As shown in Fig. 8, A and B, EHNA
did in fact stimulate both glucose transport and fatty acid oxi-
dation like metformin, and that the actions of the two agents
were not additive. Fig. 8C shows that, like metformin, EHNA
also led to an increased phosphorylation of AMPK. EHNA

FIGURE 6. Effect of adenylate kinase on metformin action. A, AK1 protein expression after ablation with AK1 siRNA. B, effect of adenylate kinase knock-
down on potassium gluconate actions on glucose uptake. Potassium gluconate was present at 40 mM (40K), 80 mM (80K), and 120 mM (120K). C, control;
A, AK1 siRNA; K, potassium gluconate. #, p � 0.05 compared with control. *, p � 0.05 compare with 80 and 120 K without AK1 siRNA. C, metformin-induced
glucose uptake in L6 myotubes. After transfected by AK1 siRNA, L6 cells were incubated with 5 mM glucose with or without 10 mM metformin for 2 h, and
then glucose uptake was measured as described under “Experimental Procedures.” Met, metformin. *, p � 0.05 compared with no metformin. Data are ex-
pressed as per mg of cellular protein.

FIGURE 7. Effect of metformin on AMP deaminase activity. A, the effect of 10 mM metformin on enzyme activity of isolated AMP deaminase at various
substrate (AMP) concentrations. *, p � 0.05 versus control at different concentration of AMP, respectively. Data are expressed as per mg of soluble protein.
B, effect of metformin on ammonia production in L6 myotubes. L6 cells were incubated with 5 mM glucose with or without 10 mM metformin for 2 h, and
ammonia production was measured as described under “Experimental Procedures.” *, p � 0.05 versus control. Data are expressed as per mg of cellu-
lar protein.
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also replicated the metformin-induced inhibition of ammonia
formation by L6 cells, and this action was not additive to that
of metformin (Fig. 8D).
Finally, we conducted knockdown of AMPD1 using siRNA

in L6 cells. If our hypothesis is correct, this treatment should
prevent metformin stimulation of glucose transport. As is
evident in Fig. 9, the knockdown experiment greatly reduced
AMPD protein, and obviated the metformin stimulation of
glucose uptake by the cells.

DISCUSSION

Both the interruption of mitochondrial energy formation
and the presence of metformin lead to the same end point: the
activation of AMPK (3, 20). It is therefore not surprising that
the hypothesis emerged that metformin causes respiratory
inhibition, and thereby activates AMPK (40). All three events:
mitochondrial inhibition, the presence of metformin, and the
activation of AMPK, also correlate with a stimulation of glu-
cose uptake (7, 48).
If we consider only glucose uptake and mitochondrial alter-

ations, the effects seem consistent with fundamental cell regu-
latory properties. The notion that a decreased mitochondrial
activity increases glycolysis is known as the Crabtree effect
(49, 50), the opposite of the Pasteur effect (decreased glucose
utilization upon admission of oxygen to cells). However, the
wider consideration of fatty acid oxidation developed in this

FIGURE 8. Effect of EHNA, metformin, or both on glucose uptake in L6 myotubes. A, L6 cells were incubated with 5 mM glucose with or without 10 mM

metformin, 100 �M EHNA, or both for 2 h, and then glucose uptake was measured as described under “Experimental Procedures.” *, p � 0.05 versus control.
B, effect of EHNA, metformin, or both on palmitate oxidation in L6 myotubes. L6 cells were incubated with 120 �M palmitic acid with or without 10 mM met-
formin, 100 �M EHNA, or both for 3 h, and then palmitate oxidation was measured as described under “Experimental Procedures.” *, p � 0.05 versus control.
C, effect of EHNA on AMPK� phosphorylation in L6 myotubes. L6 cells were incubated with or without 100 �M EHNA for 2 h, and then AMPK� phosphoryla-
tion at Thr172 was measured by Western blot; AMPK� was used as a control. P-AMPK�, phosphorylated AMPK�. AMPK� and P-AMPK� were probed with
separate selective antibodies. D, effect of EHNA on ammonia production in L6 myotubes. L6 cells were incubated with 5 mM glucose with or without 100 �M

EHNA for 2 h, and then ammonia production was measured as described under “Experimental Procedures.” *, p � 0.05 versus control. Data are expressed as
per mg of cellular protein.

FIGURE 9. Effect of AMPD on metformin action. A, AMP deaminase pro-
tein expression treated with AMPD siRNA. B, effect of AMPD siRNA on met-
formin-induced glucose uptake in L6 myotubes. After AMPD siRNA transfec-
tion, L6 cells were incubated with 5 mM glucose with or without 10 mM

metformin for 2 h, and then glucose uptake was measured as described
under “Experimental Procedures.” Data are expressed as per mg of cellular
protein. *, p � 0.05 versus no metformin.
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study underscores the complication of drawing the conclu-
sion that metformin acts by mitochondrial respiratory inhibi-
tion. It is likely that the response of the cell to energy inter-
ruption is a distinct means of AMPK activation from the
response to metformin.
A recent debate highlighted the positions for (11) and

against (51) the notion that metformin inhibits mitochondrial
energy production. A key argument against an in vivo role for
metformin acting as a mitochondrial inhibitor is the fact that
the extent of inhibition is modest. A further complication is
the fact that insulin resistance of diabetes can be ameliorated
by suppressing the oxidative damage that arises from mito-
chondrial inhibition (52). This makes mitochondrial inhibi-
tion an unlikely site of action for metformin, a drug that im-
proves rather than exacerbates insulin sensitivity.
The stimulation of fatty acid oxidation is an established

action of metformin (24). By using this pathway in addition to
glucose transport, we found that none of the currently pro-
posed hypotheses for metformin were metabolically consis-
tent. Moreover, the finding that ablation of adenylate kinase
does not affect metformin action suggests that any mecha-
nism that involves increased AMP formation driven by ATP
turnover (and hence, increased ADP formation) is unlikely.
A functional control for the adenylate kinase knockdown is

important because this enzyme is abundant in skeletal muscle.
In fact, it was first discovered in this tissue, as is evident from
its original name,myokinase (53). It is of interest to note also
that depolarizing concentrations of potassium that stimulate
glucose uptake caused an inhibition of this process when ad-
enylate kinase was attenuated. This implies that adenylate
kinase is needed to maintain the phosphorylation potential of
the cell to support glucose uptake.
In one study (16) it was suggested that methylsuccinate

could antagonize metformin in cultured islet cells. This im-
plies that metformin indeed inhibits respiration at complex I,
and that once succinate could be introduced, it overcomes the
inhibition by providing electrons to ubiquinone. However, the
actual evidence in that study was indirect. The investigators
used a tetrazolium dye (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide), commonly known as MTT.
Prior studies did suggest that increased (MTT) reduction cor-
relates to glucose availability (54). However, there are some
difficulties in accepting the conclusions of the methylsucci-
nate study (16). First, the dye accepts electrons from ubiqui-
none, but is not a steady state measure of respiration. More-
over, in the actual data of that study, MTT reduction was
inhibited by metformin whether methylsuccinate was present
or not. In fact, there was merely more reduction in the pres-
ence of methylsuccinate.
As it is well known that AMPK can in fact be activated by

an inhibition of respiration (18), it may seem irresistible to
conclude that metformin must work in the same way. How-
ever, the known stimulation of fatty acid oxidation by met-
formin in this study and others (21–24) is incommensurate
with mitochondrial respiratory inhibition. Add to that the
current finding that direct inhibition by rotenone did not
stimulate respiration at any level, and the fact that adenylate
kinase knockdown prevents stimulation by depolarization but

not metformin, and it becomes clear that a separate mecha-
nism for metformin action is needed.
We conclude that there are two distinct means of activating

AMPK. One of these is represented by interruption of mito-
chondria, and physiologically represented by anaerobic me-
tabolism. Because fatty acid oxidation is not possible in this
condition, the only energy pathway available, glycolysis, is
enhanced by the AMPK-directed stimulation of glucose trans-
port. Metformin also stimulates glucose uptake but addition-
ally stimulates fatty acid oxidation and can therefore operate
aerobically. The ability to inhibit AMPD presents a separate
means of increasing AMPK, leading to increased utilization of
both major energy fuels, glucose and fat.
We were unable to find evidence that reactive nitrogen spe-

cies were involved in the mechanism of metformin action.
Nitric oxide itself appeared to have no effect on either glucose
uptake or fatty acid oxidation. The peroxynitrate generator
SIN-1 was able to stimulate glucose uptake, but inhibited fatty
acid oxidation, suggesting that it too may act in a manner
similar to rotenone, that is, inhibition of respiration. This
would imply that any agent, which suppresses mitochondrial
respiration, might also stimulate glucose uptake and activate
AMPK, but they are not replicating the action of metformin,
but rather mitochondrial energy supply interruption. One
recent study (55) did find that SIN-1 could increase insulin
sensitivity and fatty acid oxidation, using the C2C12 muscle
cell culture. However, those findings were not comparable, as
the SIN-1 was not an acute treatment, but incubated several
hours.
A separate site of AMPK action proposed recently is the

pyruvate dehydrogenase complex (56). This would be consis-
tent with the metabolic alterations observed here for met-
formin; in particular, an increase in fatty acid oxidation would
be expected to depress PDC activity. Future experiments ex-
amining more metabolic targets will add weight to the con-
nections between metformin, AMPD, and AMPK.
The possibility that metformin acts through LKB1, the up-

stream kinase and a separate activator of AMPK, was raised
for liver by (9). However, it has subsequently been shown that
metformin does not act through LKB1 (10, 11); we have con-
firmed in this study that siRNA knockdown of LKB1 had no
effect on metformin stimulation of glucose uptake.
It is established that activation of AMPK requires phosphor-

ylation (13), and LKB1 is a major AMPK kinase (57). Thus our
finding that ablation of LKB1 did not prevent the action of
metformin is surprising. However, there are other upstream
AMPK kinases, such as the Ca2�-calmodulin protein kinase
(58). Moreover, it is known that elevation in AMP concentra-
tions alone can activate and phosphorylate AMPK, even with-
out alterations in the upstream kinases, as AMP binding to
AMPK makes it both a better phosphorylation substrate and a
poorer protein phosphatase substrate (59).
The notion that AMPD inhibition could increase AMP and

activate AMPK was raised previously by Borkowski et al. (60)
in the context of the known correlation between AMPD defi-
ciency and cardioprotection (see also Ref. 61). Although the
authors raise the notion based largely on the protective func-
tion of deaminase inhibitors, it is consistent with the proposal
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advanced in this study. Moreover, the authors suggest that
inhibition of AMPD could be a pharmacologically useful tool.
Our results suggest that, as the mechanism of metformin ac-
tion, it is already widely employed, and our findings supply an
explanation.
Our results do not preclude any connection between met-

formin and nitric oxide, particularly in the in vivo case where
an action as central to metabolism as increasing AMPK is in-
volved. However, they do make less likely the notion that ni-
tric oxide is directly involved in the ability of metformin to
activate AMPK. It is also possible that nitric oxide can inde-
pendently lead to AMPK activation, just as anoxia can do so,
again in a separate way from metformin. The data showing
stimulation of glucose uptake, but inhibition of fatty acid oxi-
dation with SIN-1 resemble rotenone action.
In conclusion, our present evidence in favor of the new hy-

pothesis of AMP deaminase inhibition by metformin includes:
direct inhibition by metformin of the isolated enzyme, and an
AMP deaminase inhibitor leading to the stimulation of glu-
cose transport, the stimulation of fatty acid oxidation, the in-
hibition of ammonia accumulation, and the elimination of
metformin action following knockdown of AMPD. It is not
clear how an inhibition of AMP deaminase would affect other
aspects of cellular metabolism. However, it has been sug-
gested that genetic deficiencies in this enzyme have little if
any detrimental effects on muscle metabolism (62), which
may explain how this enzyme could be inhibited and yet have
few other complications.
AMPD is part of the purine nucleotide cycle (63), a pro-

posed route that, in deaminating and reaminating AMP, con-
verts aspartate to fumarate and can thereby serve an
anapleuoric role in the Krebs cycle. If this is operating in the
muscle cells, it would explain the large (over 70%) inhibition
of ammonia formation in Fig. 7B exerted by metformin, be-
cause ammonia is a product of the cycle. Further experiments
will be necessary to test this mechanism.
Previously, we have presented an abstract of this work (47).

More recently, we have conducted studies to synthesize more
selective inhibitors of AMPD to determine their abilities to
mimic metformin. A manuscript of that work is in prepara-
tion, and a patent application was submitted for the use of the
compounds as agents for the treatment of diabetes and re-
lated disorders.3
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