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Background: The antidiabetic drug and mitochondrial NADH:ubiquinone oxidoreductase (complex I) inhibitor metformin
has anti-inflammatory activity.
Results: Complex I inhibition decreases LPS-induced IL-1� and boosts IL-10. Mitochondrial ROS may be a signal driving
LPS-induced IL-1�.
Conclusion: Complex I has a role in the induction of cytokines by LPS.
Significance: This study provides insight into the anti-inflammatory action of metformin and reveals a role for complex I
dysfunction in inflammatory signaling.

Metformin, a frontline treatment for type II diabetes mellitus,
decreases production of the pro-form of the inflammatory cyto-
kine IL-1� in response to LPS in macrophages. We found that it
specifically inhibited pro-IL-1� production, having no effect on
TNF-�. Furthermore, metformin boosted induction of the anti-
inflammatory cytokine IL-10 in response to LPS. We ruled out a
role for AMP-activated protein kinase (AMPK) in the effect of
metformin because activation of AMPK with A769662 did not
mimic metformin here. Furthermore, metformin was still inhib-
itory in AMKP�1- or AMPK�1-deficient cells. The activity of
NADH:ubiquinone oxidoreductase (complex I) was inhibited by
metformin. Another complex I inhibitor, rotenone, mimicked
the effect of metformin on pro-IL-1� and IL-10. LPS induced
reactive oxygen species production, an effect inhibited by met-
formin or rotenone pretreatment. MitoQ, a mitochondrially tar-
geted antioxidant, decreased LPS-induced IL-1� without affect-
ing TNF-�. These results, therefore, implicate complex I in LPS
action in macrophages.

Type 2 diabetes mellitus (T2DM)2 is a metabolic disease with
a major pathological inflammatory component (1). T2DM is
characterized by pancreatic � cell dysfunction and insulin resis-
tance, resulting in impaired glucose uptake and utilization in
muscle and increased glucose output by the liver. Inflammation
participates in the pathogenesis of T2DM by contributing to
both insulin resistance and pancreatic � cell dysfunction. In

particular, the proinflammatory cytokine IL-1� induces apo-
ptosis in pancreatic � cells (2). Furthermore, JNK, which can be
activated in response to IL-1�, plays a role in insulin resistance
in obesity (3). Blockade of IL-1� using a neutralizing antibody
(4) or an IL-1� receptor antagonist (5) improves the clinical
profile in T2DM. We have previously reported on the impor-
tance of the NLRP3 inflammasome in T2DM, where the amy-
loid protein islet amyloid polypeptide is sensed by NLRP3, lead-
ing to caspase-1 activation and production of mature IL-1� (6).
Metformin, a frontline drug for the treatment of T2DM,
decreases glucose production and improves insulin sensitivity
(7). However, its beneficial effects may also be due to its anti-
inflammatory action.

Metformin directly inhibits complex I (NADH:ubiquinone
oxidoreductase) of the mitochondrial electron transport chain
(8, 9). Complex I is the first of four complexes that comprise the
electron transport chain, located in the inner mitochondrial
membrane. In a series of redox reactions, electrons are trans-
ferred sequentially along the electron transport chain to the
final electron acceptor, molecular oxygen. The energy released
by this process is used to pump protons to generate an electro-
chemical gradient across the inner mitochondrial membrane.
This generates a proton motive force that is used to synthesize
ATP via ATP synthase. An interesting property of the electron
transport chain is that it can also flow in reverse. Electrons
entering at complex II (succinate dehydrogenase) can flow
backwards to complex I (10, 11), generating reactive oxygen
species (ROS) (12). Metformin has been proposed to inhibit this
process (13). ROS have been implicated in LPS-induced IL-1�
mRNA production in macrophages (14).

Another consequence of complex I inhibition by metformin
is the activation of the intracellular energy sensor AMP-acti-
vated protein kinase (AMPK) (15). Decreased complex I activity
leads to an overall reduction in ATP production by oxidative
phosphorylation, therefore increasing the cellular AMP/ATP
and ADP/ATP ratios. AMP or ADP binding to AMPK makes
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this kinase more susceptible to stimulatory phosphorylation by
its upstream kinases (16, 17) and inhibits its dephosphorylation
by protein phosphatase 2C (PP2C) �. The beneficial effects of
metformin in T2DM were originally thought to be mediated by
AMPK. Metformin decreases the transcription of gluconeo-
genic genes via AMPK (18, 19), and mice lacking liver kinase B1
(LKB1), an upstream kinase that activates AMPK, fail to lower
their glucose levels in response to metformin (20). It is now
appreciated, however, that many of the effects of metformin are
AMPK-independent. For example, the effects of metformin on
hepatic glucose output are preserved in AMPK-deficient mice
(20). Furthermore, metformin blocks antigen-induced T cell
proliferation independently of AMPK (21).

Because IL-1� has been implicated in the pathogenesis of
T2DM, we considered whether metformin might block its
induction. We found that metformin inhibits LPS-induced
IL-1� production and boosts levels of the anti-inflammatory
cytokine IL-10. These effects occur independently of AMPK
activation. We implicated complex I in the induction of IL-1�,
with a particular role for ROS in this event. Our work, therefore,
provides insights into the anti-inflammatory action of met-
formin and identifies a role for complex I of the electron trans-
port chain in the production of a proinflammatory cytokine
(IL-1�) while limiting an anti-inflammatory cytokine (IL-10).

Experimental Procedures

Materials—Metformin, rotenone, glutamate, malate, diethyl
succinate, digitonin, glucose, oligomycin, ATP, and ADP were
purchased from Sigma. A769662 was from Abcam. Ultrapure
rough LPS (from Escherichia coli, serotype EH100) was pur-
chased from Alexis. R848 and CpG were from Invivogen.
RNeasy Plus mini kits were from Qiagen. Mouse IL-10 and
TNF-� ELISA Duoset kits and 3,3�,5,5�-tetramethylbenzidine
(TMB) substrate solution were purchased from R&D Biosys-
tems. The mouse �-actin antibody was from Sigma. Goat anti-
mouse IL-1� was from R&D Biosystems. ACC, phospho-ACC,
AMPK�, AMPK�, and phospho-AMPK� (Thr-172) antibodies
were from Cell Signaling Technology. Secondary horseradish
peroxidase-conjugated anti-mouse IgG, anti-rabbit IgG, and
anti-goat IgG were from Jackson ImmunoResearch Laborato-
ries Inc. CellROX and Aqua live/dead FACS stains were from
Molecular Probes. XF assay buffer, Seahorse cell culture plates,
utility plates, and calibrant solution were from Seahorse Biosci-
ences. MitoQ was a gift from Prof. Rob Smith (University of
Otago, New Zealand).

Cell Culture—Wild type C57/Bl6 mice were from Harlan UK.
Mice were euthanized in a CO2 chamber, and death was con-
firmed by cervical dislocation. Femora were removed from
mice. AMPK�1 knockout legs were a gift from Benoit Viollet
(INSERM, Université Paris Descartes, Paris, France) and San-
drine Horman (Université Catholique de Louvain, Brussels,
Belgium). AMPK�1 knockout legs were a gift from Morgan
Fullerton and Greg Steinberg (McMaster University, Hamilton,
ON, Canada). IL-10 knockout legs were a gift from Kingston
Mills (Trinity College, Dublin, Ireland). Bone marrow cells
were extracted from the mouse bones and differentiated in the
presence of 20% macrophage colony-stimulating factor for 6
days, and then they were counted and replated for experiments.

FACS Analysis of Cellular ROS—Cells were stained with 5 �M

CellROX dye for the final 30 min of the LPS stimulation. The
medium was then removed, and cells were stained with Aqua
live/dead stain for a further 30 min. The supernatant was
removed, and cells were scraped in 1 ml PBS, washed, and
transferred to FACS tubes. Cells were then analyzed using a
Dako CyAn flow cytometer, and data were analyzed using
FlowJo software.

Seahorse Analysis of Metabolic Parameters—BMDMs were
cultured in DMEM containing 10% FCS, penicillin/streptomy-
cin, and 10% macrophage colony-stimulating factor during
metformin pretreatment and LPS stimulation. The medium
was then removed, and cells were washed with 500 �l of mito-
chondrial assay buffer. 500 �l of mitochondrial assay buffer
supplemented with 4 mM ADP and 10 �g/ml digitonin was
added to each well. 70 �l of electron transport chain complex
substrate was added to the appropriate injector port. Glutamate
and malate were used as complex I substrates, whereas succi-
nate was used as a complex II substrate.

ELISA—For cytokine measurements, BMDMs were stimu-
lated in triplicate as indicated. Supernatants were analyzed for
IL-10 and TNF-� release using ELISA kits according to the
instructions of the manufacturer.

Western Blotting—BMDMs were seeded in 12-well plates at
0.5 � 106 cells/ml. Protein samples were prepared by direct lysis
of cells in 5� Laemmli sample buffer, followed by boiling. Pro-
tein samples were resolved on 8% or 12% SDS-PAGE gels and
then transferred onto PVDF membrane using either a wet or
semidry transfer system. Membranes were blocked in 5% (w/v)
dried milk in tris-buffered saline-Tween for at least 1 h at room
temperature. Membranes were incubated with primary anti-
body followed by the appropriate horseradish peroxidase-con-
jugated secondary antibody. They were developed by ECL using
a GelDoc system.

RNA Isolation and Real-time PCR—Total RNA was extracted
using an RNeasy kit (Qiagen). cDNA was prepared using
20 –100 ng/ml total RNA using a high-capacity cDNA reverse
transcription kit (Applied Biosystems) according to the instruc-
tions of the manufacturer. mRNA expression was measured on
the 7900HT RT-PCR system (Applied Biosystems) using Taq-
Man or SYBR Green primers for mouse IL-1�, IL-10, TNF-�,
18S, or Rps18. -Fold changes in expression were calculated by
the ��Ct method using mouse 18S or Rps18 as an endogenous
control for mRNA expression. All -fold changes are expressed
normalized to the untreated control.

Results

Metformin Specifically Inhibits LPS-induced IL-1� Produc-
tion and Boosts IL-10 Induction—The effect of metformin on
LPS-induced pro-IL-1� expression was first examined in pri-
mary murine bone marrow-derived macrophages (BMDMs).
LPS increased pro-IL-1� mRNA expression at 24 h, an effect
that was dose-dependently inhibited by metformin pretreat-
ment (Fig. 1A). Furthermore, LPS increased pro-IL-1� protein
levels (Fig. 1B, lane 4), and metformin reduced this induction
(Fig. 1B, lanes 5 and 6). The effect of metformin on LPS-in-
duced pro-IL-1� was also tested over a time course. LPS
induced pro-IL-1� protein by 4 h, with pro-IL-1� levels being
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FIGURE 1. Metformin decreases pro-IL-1� and increases IL-10 induction in response to LPS. WT BMDMs (A–C and E–H) were pretreated with metformin
(Met, 1–5 mM) for 1 h before stimulation with LPS (100 ng/ml) for 24 h (A, B, E, F, and H), 4 h (G), or over the indicated time course (C). To activate the NLRP3
inflammasome, BMDMs were treated with LPS for 3 h, then with Met (5 mM) for 1 h, and, finally, with ATP (5 mM) for 1 h (D). WT and IL-10 KO BMDMs (I and J) were
also pretreated with Met (5 mM) for 1 h before stimulation with LPS (100 ng/ml) for 24 h. mRNA was extracted from total cell lysates and analyzed by qPCR for
IL-1� (A and I), TNF-� (E), and IL-10 (G) expression. Whole cell lysates were analyzed by Western blotting for pro-IL-1� and �-actin (B, C, and J). Supernatants were
analyzed by ELISA for IL-1� (D), TNF-� (F), and IL-10 (H) production. The data shown in A and D—I are expressed as mean � S.E. of three independent
experiments, each performed in triplicate. The blots in B, C, and J are representative of three independent experiments. Ctl, control.

Metformin Inhibits Complex I to Limit LPS-induced IL-1�

20350 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 33 • AUGUST 14, 2015

 at IR
eL

 (T
rinity C

ollege D
ublin) on Septem

ber 27, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


increased further at 8 and 24 h (Fig. 1C, lanes 7–9). Metformin
was especially effective at decreasing pro-IL-1� at the later time
points (Fig. 1C, lanes 11 and 12). Metformin had no effect on
secretion of the mature form of IL-1� (Fig. 1D).

In a screen of other cytokines, we examined both the proin-
flammatory cytokine TNF-� and the anti-inflammatory cyto-
kine IL-10. In contrast to pro-IL-1�, the induction of TNF-� by
LPS was unaffected by metformin pretreatment. LPS potently
induced TNF-� mRNA expression at 4 h, and metformin had
no effect on this (Fig. 1E). Metformin also had no effect on
LPS-induced TNF-� protein at 24 h (Fig. 1F).

For IL-10, LPS treatment resulted in a 2-fold increase in
mRNA expression after 24 h. Intriguingly, this effect was
boosted 3-fold by metformin pretreatment (Fig. 1G). LPS stim-
ulation also induced IL-10 protein production at 24 h, and met-
formin further increased this LPS-induced IL-10 (Fig. 1H).

IL-10 May Mediate Some of the Effect of Metformin on
Pro-IL-1�—To investigate whether there is a physiological role
for the metformin-induced boost in IL-10, we tested the effect
of metformin in IL-10 KO BMDMs. LPS induced pro-IL-1� to
a greater extent in IL-10 KO macrophages than in WT macro-
phages at both mRNA (Fig. 1I) and protein levels (Fig. 1J, com-
pare lane 7 with lane 3). Furthermore, metformin was no longer
able to decrease LPS-induced pro-IL-1� mRNA expression
(Fig. 1I) or protein production (Fig. 1J, compare lane 8 with lane
4) in IL-10 KO BMDMs.

Metformin Inhibits IL-1� and Boosts IL-10 Induced by
TLR7/8 and TLR9 Ligands—The effects of metformin on the
cytokine response to other TLR ligands was also investigated.
Metformin decreased pro-IL-1� mRNA (Fig. 2A) and protein
(Fig. 2B, eighth and tenth lanes) in response to the TLR7/8
ligand R848 and the TLR9 ligand CpG. Metformin slightly
decreased pro-IL-1� induced by the TLR1/2 ligand Pam3Csk4.
Metformin also boosted R848- and CpG-induced IL-10 mRNA
expression (Fig. 1C). Metformin did not boost CpG-induced
IL-10 protein, but this may be due to the fact that metformin
only begins to affect CpG-induced IL-10 mRNA at later time
points. R848-induced IL-10 protein was boosted by metformin
(Fig. 2D). Metformin had no effect on TNF-� induced by any of
the TLR ligands tested (Fig. 2, E and F). Furthermore, met-
formin decreased the production of ROS induced by LPS, R848,
and CpG (Fig. 2, G–I).

Pharmacological Manipulation of AMPK Has No Effect on
LPS-induced Pro-IL-1� or IL-10 —The role of AMPK, an estab-
lished mediator of many of the effects of metformin, was inves-
tigated next. First, metformin was confirmed to activate AMPK
in BMDMs. Metformin alone increased the phosphorylation of
ACC (Fig. 3A, lane 2). The phosphorylation status of ACC cor-
relates tightly with AMPK activity (22) and provides a techni-
cally clearer readout of AMPK activation than the more vari-
able phospho-AMPK, although an increase in phospho-AMPK
in response to metformin was observed (Fig. 3A, second panel,
lane 2). LPS alone decreased basal ACC phosphorylation (Fig.
3A, lane 3). Importantly, metformin opposed this LPS-induced
dephosphorylation of ACC, indicating that metformin could
activate AMPK even in the presence of LPS (Fig. 3A, lane 4).
The specific activator of AMPK, A769662, was employed to
further probe the involvement of AMPK in the effects of met-

formin on LPS-stimulated BMDMs. A769662 (100 �M) alone
increased the phosphorylation of ACC (Fig. 3B, lane 2).
A769662 also opposed the LPS-induced dephosphorylation of
ACC (Fig. 3B, lane 4). This effect was most pronounced with 1 h
of A769662 pretreatment before 1 h of LPS stimulation.

The effect of A769662 pretreatment on LPS-induced cyto-
kines was investigated next. A769662 did not significantly
decrease LPS-induced IL-1� mRNA expression after 24 h stim-
ulation (Fig. 3C). LPS-induced pro-IL-1� protein was unaf-
fected by A769662 (Fig. 3D). Furthermore, A769662 had no
effect on LPS-induced TNF-� (Fig. 3E) or IL-10 (Fig. 3F) pro-
tein production. These results indicated that pharmacological
activation of AMPK by A769662 did not mimic the effect of
metformin here.

Metformin Is Still Capable of Decreasing LPS-induced Pro-
IL-1� and Boosting IL-10 in AMPK�1 and AMPK�1 Knockout
Macrophages—Because pharmacological agents can have off-
target effects, genetic mutants of AMPK were next used to
examine the role of AMPK in the effects of metformin on LPS-
induced cytokines. BMDMs were generated from mice lacking
the �1 subunit of AMPK (AMPK�1). These cells were con-
firmed to be deficient in AMPK� protein expression (Fig. 4A,
right). When stimulated with LPS alone, AMPK�1 KO BMDMs
produced dramatically more pro-IL-1� protein than WT
BMDMs (Fig. 4B, compare lane 7 with lane 3), confirming pre-
vious studies indicating an anti-inflammatory role for AMPK
(23). However, metformin still decreased LPS-induced pro-
IL-1� in KO cells (Fig. 4B, lane 8). Metformin had no effect on
TNF-� in either WT or KO cells (Fig. 4C) but boosted LPS-
induced IL-10 protein in both cases (Fig. 4D).

To bolster these results, BMDMs lacking the �1 subunit of
AMPK (AMPK�1) were investigated next. These cells were
deficient in AMPK�1 (Fig. 4E, lanes 5– 8). Similar to AMPK�1
KO macrophages, LPS alone increased pro-IL-1� to a much
greater extent in AMPK�1 knockout BMDMs than in wild-type
BMDMs (Fig. 4E, compare lane 7 with lane 3). Metformin
inhibited LPS-induced pro-IL-1� protein in both WT and
AMPK�1 KO BMDMs (Fig. 4E, lanes 4 and 8, respectively).
LPS-induced TNF-� remained unaffected by metformin treat-
ment in either WT or KO macrophages (Fig. 4F). In addition,
metformin boosted LPS-induced IL-10 in WT and AMPK�1
KO macrophages (Fig. 4G).

These data suggested that AMPK was not required for the
inhibitory effect of metformin on LPS-induced IL-1� produc-
tion. Furthermore, they indicated that there was no role for
AMPK in the metformin-induced increase in LPS-stimulated
IL-10.

Metformin Inhibits Respiration Driven by Complex I of the
Mitochondrial Electron Transport Chain—The role of complex
I in the effects of metformin on LPS-induced cytokines was
investigated next. First, metformin was confirmed to inhibit
complex I in BMDMs. BMDMs were restricted to respiring
either only on the complex I substrates glutamate and malate or
the complex II substrate succinate. Metformin inhibited oxy-
gen consumption in cells respiring using complex I (Fig. 5A) but
not in those using complex II (Fig. 5B). This confirmed that
metformin specifically inhibited complex I-mediated respira-
tion in BMDMs.

Metformin Inhibits Complex I to Limit LPS-induced IL-1�
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FIGURE 2. Metformin alters ROS and cytokine production induced by TLR7/8 and TLR9 ligands. BMDMs were pretreated with metformin (Met, 5 mM) for
1 h before being stimulated with LPS (100 ng/ml), Pam3Csk4 (P3C4, 1 �g/ml), R848 (1 �g/ml), or CpG (1 �g/ml) for 24 h (A–D and F–I) or 4 h (E). mRNA was
extracted from total cell lysates and analyzed by qPCR for IL-1� (A), IL-10 (C), or TNF-� (E) expression. Whole cell lysates were analyzed by Western blotting for
pro-IL-1� and �-actin (B). Supernatants were analyzed by ELISA for IL-10 (D) and TNF-� (F) production. Mean fluorescence intensity (MFI) was measured in live
cells by FACS to determine the production of reactive oxygen species (G–I). The data shown in A, C–F, and I represent the mean � S.E. of three independent
experiments, each performed in triplicate. The data shown in B, G, and H are representative of three independent experiments. Ctl, control.

Metformin Inhibits Complex I to Limit LPS-induced IL-1�
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Rotenone Mimics the Effect of Metformin on LPS-induced
Cytokines—Rotenone, a specific inhibitor of complex I, was
tested next. Rotenone pretreatment decreased LPS-induced
IL-1� mRNA expression with nanomolar potency (Fig. 5C).
Furthermore, rotenone pretreatment reduced the produc-
tion of pro-IL-1� protein (Fig. 5D, lanes 8 –10). Similarly to
metformin, rotenone had no effect on TNF-� (Fig. 5E) but
further increased LPS-induced IL-10 protein levels (Fig. 5F).
Rotenone also had no effect on the secretion of mature IL-1�
(Fig. 5G).

Metformin and Rotenone Decrease LPS-induced Reactive
Oxygen Species—ROS are a potential signal coming from com-
plex I to drive IL-1�, which might be modulated by metformin.
The levels of ROS were measured by flow cytometry after 24 h
of LPS stimulation with or without metformin pretreatment.
LPS increased ROS after 24 h, an effect that was countered by
metformin pretreatment (Fig. 6, A and B). In agreement with its
effects on LPS-induced cytokines, rotenone also mimicked the
effect of metformin on cellular ROS. Rotenone opposed the

increase in ROS production after 24 h of LPS stimulation (Fig. 6,
C and D).

MitoQ Decreases LPS-induced Pro-IL-1�—On the basis of
the ability of metformin and rotenone to decrease LPS-in-
duced ROS, possibly originating from complex I, the effect of
MitoQ, a specific mitochondrially targeted antioxidant, on
cytokine induction by LPS was examined. MitoQ pretreat-
ment of BMDMs decreased LPS-induced IL-1� mRNA
expression (Fig. 6E) and protein production (Fig. 6F, lane 6)
after 24 h. MitoQ also inhibited LPS-induced ROS (Fig. 6, G
and H) but had no effect on IL-10 production (Fig. 6I). Taken
together, these results implicate ROS generation by complex
I in the induction of pro-IL-1�, with metformin inhibiting
this process.

Discussion

In this study, we examined the effects of metformin on cyto-
kine production in LPS-stimulated BMDMs. Metformin
decreased LPS-induced production of the proinflammatory

FIGURE 3. Pharmacological manipulation of AMPK reveals that AMPK has no role in the effects of metformin on LPS-induced cytokines. BMDMs were
pretreated with Metformin (Met, 5 mM) or A769662 (A7, 100 �M) for 1 h before stimulation with LPS (100 ng/ml) for 1 h (A and B), for the indicated times (C), or
for 24 h (D–F). Whole cell lysates were analyzed by Western blotting for p-ACC, total ACC, p-AMPK (A and B), pro-IL-1� (D), and �-actin (A, B, and D). mRNA was
extracted from total cell lysates and analyzed by qPCR for IL-1� expression (C). Supernatants were analyzed by ELISA for TNF-� (E) and IL-10 (F) production. The
blots in A, B, and D are representative of three independent experiments. The data in C, E, and F are expressed as mean � S.E. of three independent experiments,
each performed in triplicate. Ctl, control.
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cytokine pro-IL-1� at both the mRNA and protein levels, in
agreement with previous findings in human monocyte-derived
macrophages (24). Metformin had no effect on the processed
form of IL-1�, indicating that metformin specifically affects the
proform of this cytokine. Moreover, metformin boosted LPS
induction of the anti-inflammatory cytokine IL-10, an effect
observed previously in spleen cells in experimental autoim-
mune encephalomyelitis (25). The decreased production of
pro-IL-1� in combination with increased IL-10 indicates that
metformin acted in an anti-inflammatory manner in LPS-acti-
vated macrophages. This effect was specific because metformin
had no effect on another LPS-induced proinflammatory cyto-
kine, TNF-�. This indicates that metformin is not cytotoxic,
nor does it have a nonspecific effect on general cytokine pro-
duction. This observation is in disagreement with other studies

examining the effects of metformin on TNF-� in an inflamma-
tory context. Metformin inhibited TNF-� production in a
mouse model of endotoxemia induced by LPS injection (26) as
well as in experimental autoimmune encephalomyelitis (25).
This discrepancy may be due to differences in the effects of
metformin in vivo versus in vitro, the in vivo effects of met-
formin on TNF-� being indirect. The boost in IL-10 may be
physiologically significant because the absence of IL-10 did
alter LPS-induced cytokine production as well as the anti-in-
flammatory action of metformin. LPS induced pro-IL-1� to a
greater extent in IL-10 KO macrophages than in wild-type
BMDMs, and metformin was unable to block LPS-induced pro-
IL-1� in these cells. IL-10 may be involved in the regulation of
IL-1� production by metformin in response to LPS, with the
induction of IL-10 feeding back to inhibit pro-IL-1� induction.

FIGURE 4. Genetic mutants of AMPK indicate that the effects of metformin on LPS-induced cytokines are independent of AMPK. AMPK�1-deficient
(A–D) and AMPK�1-deficient (E–G) BMDMs were pretreated with metformin (Met, 5 mM) for 1 h before stimulation with LPS (100 ng/ml) for 24 h. Whole cell
lysates were analyzed by Western blotting for AMPK�1, pro-IL-1�, AMPK�1, and �-actin (A, B, and E). The blots in A, B, and E are representative of three
independent experiments. Supernatants were analyzed by ELISA for TNF-� (C and F) and IL-10 (D and G) production. The data in C, D, F, and G are expressed as
mean � S.E. of three independent experiments, each performed in triplicate. Ctl, control.

Metformin Inhibits Complex I to Limit LPS-induced IL-1�
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This may be why metformin is especially effective at inhibiting
the induction of pro-IL-1� at later time points. Metformin
decreased pro-IL-1� and boosted IL-10 in response to the

TLR7/8 ligand R848 and the TLR9 ligand CpG. Therefore, the
anti-inflammatory effect of metformin persists for a variety of
TLR stimuli.

FIGURE 5. Inhibition of complex I mimics the effects of metformin on LPS-induced cytokines. BMDMs were treated with metformin (Met, 5 mM) for 24 h.
The cell culture medium was then changed so that it contained only the complex I substrates glutamate and malate (A, 2.5 mM) or the complex II substrate
succinate (B, 2.5 mM). Cells were permeabilized with digitonin (10 �g/ml) immediately prior to analysis. Oxygen consumption rate (OCR) was analyzed using a
Seahorse XF-24 analyzer. BMDMs were also pretreated for 1 h with rotenone (Rot, 100 –500 nM) before LPS stimulation (100 ng/ml) for 24 h (C–F). To activate the
NLRP3 inflammasome, BMDMs were treated with LPS for 3 h, then with rotenone (500 nM) for 1 h, and then with ATP (5 mM) for another hour (G). mRNA was
extracted from total cell lysates and analyzed by qPCR for IL-1� expression (C). Whole cell lysates were analyzed by Western blotting for pro-IL-1� and �-actin
(D). Supernatants were analyzed by ELISA for TNF-� (E), IL-10 (F), and IL-1� (G) production. The blot in D is representative of three independent experiments. The
data in A–C and E–G are expressed as mean � S.E. of three independent experiments, each performed in triplicate. Ctl, control; DMSO, dimethyl sulfoxide.
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The cellular energy sensor AMPK is known to be an indirect
target of metformin (27, 28) and mediates some of the effects of
the drug (29). Furthermore, AMPK itself has anti-inflammatory
activity and is a marker of M2 macrophages (23), which are
generally anti-inflammatory. Therefore, the role of AMPK in
the effect of metformin on LPS-induced cytokines was investi-
gated using both pharmacological and genetic manipulation of
this enzyme. Activation of AMPK by metformin in macro-
phages was confirmed. LPS decreased AMPK activity, indicat-
ing macrophage skewing toward a proinflammatory state. Sag
et al. (23) have previously demonstrated the LPS-induced inhi-
bition of AMPK in the context of such macrophage polariza-
tion. Metformin rescued this LPS-induced decrease in AMPK
activity. Metformin is capable of restoring AMPK activity in
mice with experimental autoimmune encephalomyelitis (25) as
well as in a mouse model of diet-induced obesity (30).

To elucidate the involvement of AMPK in LPS activation of
macrophages, the specific AMPK activator A769662 was
exploited. This pharmacological agent binds to the � subunit of
AMPK and promotes allosteric activation of the kinase while
inhibiting its dephosphorylation (31). A769662 activated
AMPK in BMDMs and was capable of rescuing the LPS-in-
duced decrease in AMPK activity in this system. Despite this,
A769662 had no effect on LPS-induced pro-IL-1�. It slightly
decreased IL-1� mRNA after 24 h of LPS stimulation but had
no effect on pro-IL-1� protein. In addition, A769662 did not
alter LPS-induced IL-10 levels. These discrepancies between
the effects of metformin and A769662 on LPS-activated macro-
phages suggested that AMPK activation was not responsible for
the effect of metformin on LPS-induced IL-1� and IL-10 in
BMDMs. The impact of A769662 on these cytokines has not yet
been investigated elsewhere, but it does inhibit the palmitate-
induced activation of JNK, a kinase involved in inflammatory
cytokine production in macrophages (32). This effect of
A769662 is dependent on AMPK.

There are disadvantages associated with the use of pharma-
cological agents to probe biological systems because these
agents may have off-target, nonspecific, or unknown effects and
may be cytotoxic (although A769662 seems to be highly spe-
cific). Confusingly, both AMPK activation and inhibition using
synthetic agents have been shown to decrease LPS-induced
liver injury (33). To clarify the results obtained by pharmaco-
logically manipulating AMPK, genetic AMPK mutants were
employed (34). A total AMPK knockout mouse is embryonic
lethal, so two different AMPK knockout cell types were used,
with each type deficient in a particular subunit of AMPK. First,
BMDMs lacking AMPK�1 were used. AMPK� is the catalytic
subunit of AMPK, responsible for its kinase activity. Pro-IL-1�
expression after LPS stimulation alone was dramatically higher
in KO cells than in the WT cells, indicating that AMPK has an
anti-inflammatory role, countering LPS-induced cytokine pro-

duction. Despite this dramatic enhancement of IL-1� produc-
tion, metformin was still capable of decreasing LPS-induced
pro-IL-1� in the AMPK�1 KO BMDMs. This implies that at
least some of the effect of metformin on LPS-induced pro-
IL-1� is independent of AMPK activation. Furthermore, met-
formin still boosted LPS-induced IL-10 in AMPK�/� cells. This
argues that there may be some role for AMPK in the macro-
phage response to LPS alone but not in the effects of metformin
on LPS-induced cytokine production in BMDMs. AMPK may
affect inflammatory MAPK or JAK-STAT signaling pathways
or may drive M2 macrophage metabolism and an associated
anti-inflammatory state. TNF-� levels were similar in WT and
KO cells and were unaffected by metformin in either cell type,
suggesting that AMPK is not involved in the regulation of
TNF-� by LPS or metformin. This disagrees with a study by
Carroll et al. (35) that showed that in response to LPS, macro-
phages derived from AMPK�1 KO mice exhibit increased pro-
duction of TNF-�. Metformin has also been shown to decrease
LPS-induced TNF-� production in primary murine macro-
phages, but the time course of metformin treatment is very
different to that used in our study (36).

Results obtained using BMDMs deficient in AMPK�1 agreed
with the observations seen with AMPK�1 KO cells. AMPK�1 is
a regulatory subunit responsible for binding glycogen and link-
ing the � and � subunits of AMPK. The anti-inflammatory
agent salicylate promotes AMPK activity by binding to the �
subunit (37). Similarly to AMPK�1 KO BMDMs, LPS alone
markedly increased pro-IL-1� in AMPK�1 KO macrophages
compared with WT controls. Moreover, metformin still
decreased pro-IL-1� in AMPK�1 KO macrophages. This fur-
ther argues against the involvement of AMPK in the regulation
of pro-IL-1� by metformin. Metformin also boosted LPS-in-
duced IL-10 protein in WT and AMPK�1-deficient BMDMs,
indicating that the effect of metformin on IL-10 is AMPK-inde-
pendent. Metformin had no effect on LPS-induced TNF-� in
AMPK�1�/� BMDMs. AMPK�1 KO macrophages exhibit
increased production of IL-1� and TNF-� in response to palmi-
tate as a proinflammatory stimulus (32). A role for AMPK�1 in
TNF-� production may be specific for palmitate. In wild-type
cells, palmitate is broken down by �-oxidation, removing it as a
proinflammatory stimulus. The lack of AMPK leads to
decreased �-oxidation of palmitate, meaning it remains in its
immunostimulatory form longer.

After ruling out a role for AMPK in the effect of metformin
on LPS-induced IL-1�, other possible targets of metformin
responsible for this effect were investigated. A direct target of
metformin is NADH:ubiquinone oxidoreductase, otherwise
known as complex I of the mitochondrial transport chain (8, 9).
Metformin inhibits this complex in hepatocytes (15). Met-
formin specifically decreased the activity of complex I in
BMDMs while leaving complex II unaffected, confirming the

FIGURE 6. Metformin may decrease LPS-induced IL-1� by decreasing LPS-induced ROS production. BMDMs were pretreated with metformin (Met, 5 mM,
A and B) or rotenone (Rot, 500 nM, C and D) for 1 h or with MitoQ (MQ; 50 nM for E, F, and I and 100 nM for G and H) for 3 h before stimulation with LPS (1 �g/ml
for A–D, G, and H and 100 ng/ml for E, F, and I) for 24 h. Live cells were analyzed by FACS for the production of reactive oxygen species (A–D, G, and H). Mean
fluorescence intensity (MFI) was quantified, and -fold induction was calculated relative to untreated cells. mRNA was extracted from total cell lysates and
analyzed by qPCR for IL-1� expression (E). Whole cell lysates were analyzed by Western blotting for pro-IL-1� and �-actin (F). Supernatants were analyzed by
ELISA for IL-10 (I) production. The experiments shown in A, C, F, and G are representative of three independent experiments. The data shown in B, D, E, H, and
I represent the mean � S.E. of three independent experiments, each performed in triplicate.
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role of metformin as a complex I inhibitor. An early study pro-
posing complex I as a direct target of metformin found that, in
hepatoma cells, metformin inhibited mitochondrial oxidation
of the complex I substrates glutamate and malate but had no
effect on the oxidation of the complex II substrate succinate (8).

Rotenone, a specific and established inhibitor of complex I,
was used to investigate the possibility that complex I inhibition
was responsible for the effect of metformin on LPS-induced
IL-1�. Rotenone mimicked the effects of metformin on LPS-
induced cytokines, inhibiting IL-1� and boosting IL-10, impli-
cating complex I in their regulation by metformin. Like met-
formin, rotenone had no effect on mature IL-1�, therefore
suggesting that the effect of complex I inhibition is on the
induction of the pro-form of IL-1�.

A possible signal coming from complex I to drive IL-1� pro-
duction could be ROS (12). There is evidence that ROS are
involved in LPS-induced IL-1� mRNA production in macro-
phages (14). LPS increased ROS levels at 24 h, an effect inhib-
ited by both metformin and rotenone. Metformin also inhibited
ROS induced by R848 and CpG. Both metformin and rotenone
are capable of reducing ROS produced at complex I of the mito-
chondria in rat liver (13). Interestingly, this ROS production is
due to the reverse electron flux along the respiratory chain from
complex II back to complex I, making this process an intriguing
prospect for further study. The rate of ROS production by com-
plex I during reverse electron transport is significantly greater
than that during forward electron transport (38). It is possible
that metformin and rotenone may be decreasing ROS produc-
tion because of reverse electron transport.

MitoQ, an antioxidant specifically targeted to the mitochon-
dria (39), was used to further investigate the effect of mitochon-
drial ROS on IL-1� production. MitoQ decreased LPS-induced
IL-1� mRNA expression after 24 h of LPS stimulation and
inhibited pro-IL-1� protein production at the same time point.
MitoQ can decrease IL-1� and TNF-� mRNA expression in
mice with experimental autoimmune encephalomyelitis (40) as
well as levels of IL-1� mRNA and mature IL-1� protein in a
mouse model of dextran sulfate sodium-induced colitis (41).
MitoQ decreased ROS at this time point. MitoQ did not, how-
ever, boost IL-10 production, suggesting that ROS are not a
target for metformin or rotenone in their effects on IL-10. It is
possible that the inhibition of reverse electron transport by
metformin is somehow involved in IL-10 inhibition. This will
be the subject of further study.

These data, therefore, indicate a role for ROS derived from
complex I in the production of IL-1�. How exactly ROS induce
IL-1� production is under investigation. What is clear is that
complex I dysfunction can act as a signal for inflammation,
promoting IL-1� production while limiting IL-10. Targeting of
complex I may, therefore, prove to be useful therapeutically in
the control of inflammatory diseases.
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