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ABSTRACT
Transient, reversible blockade of complex I during early reperfu-
sion after ischemia limits cardiac injury. We studied the cardio-
protection of high dose of metformin in cultured cells andmouse
hearts via the novel mechanism of acute downregulation of
complex I. The effect of high dose of metformin on complex I
activity was studied in isolated heart mitochondria and cultured
H9c2 cells. Protection with metformin was evaluated in H9c2
cells at reoxygenation and at early reperfusion in isolated
perfused mouse hearts and in vivo regional ischemia reper-
fusion. Acute, high-dose metformin treatment inhibited com-
plex I in ischemia-damaged mitochondria and in H9c2 cells
following hypoxia. Accompanying the complex I modulation,
high-dose metformin at reoxygenation decreased death in H9c2

cells. Acute treatment with high-dose metformin at the end of
ischemia reduced infarct size following ischemia reperfusion
in vitro and in vivo, including in the AMP kinase-dead mouse.
Metformin treatment during early reperfusion improved mito-
chondrial calcium retention capacity, indicating decreased
permeability transition pore (MPTP) opening. Acute, high-dose
metformin therapy decreased cardiac injury through inhibition
of complex I accompanied by attenuation of MPTP opening.
Moreover, in contrast to chronic metformin treatment, pro-
tection by acute, high-dose metformin is independent of AMP-
activated protein kinase activation. Thus, a single, high-dose
metformin treatment at reperfusion reduces cardiac injury via
modulation of complex I.

Introduction
Acute coronary syndromes caused by the abrupt occlusion of

a coronary artery leading to ST segment elevation myocardial
infarction (STEMI) remain a major clinical challenge. Despite
timely and successful reperfusion, substantial myocardial

injury still occurs. A significant portion of the cardiac injury
occurs during the early reperfusion phase, after coronary flow
has been restored (Yellon and Hausenloy, 2007). The extent of
injury from even successfully reperfused STEMI places pa-
tients at risk for transition to ischemic cardiomyopathy and
heart failure.
Damage to cardiac mitochondria is a key mechanism of

cardiac injury during ischemia and reperfusion (Gustafsson
and Gottlieb, 2008; Lesnefsky et al., 2017). Ischemia, espe-
cially periods associated with STEMI, result in damage to
the mitochondrial electron transport chain (ETC) (Lesnefsky
et al., 2017). The ischemia-damaged ETC enhances cardiac
injury during early reperfusion (Lesnefsky et al., 2004b).
ETC-dependent processes that injure themyocardium include
the increased generation of reactive oxygen species (ROS) (Kevin
et al., 2003), opening of themitochondrial permeability transition
pore (MPTP) (Gomez et al., 2007), and release of mitochondrial
proteins that activate cell death (Weiss et al., 2003). Surprisingly,
the bulk of damage to the ETC occurs during ischemia and
persists into reperfusion (Lesnefsky et al., 2004b). Blockade
of electron transport immediately before ischemia robustly
limits ischemia-induced mitochondrial damage and allows
reperfusion to occur with essentially normal mitochondria
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leading to substantially reduced infarct size (Lesnefsky et al.,
2017). Thus, reperfusion with ischemia-damaged mitochon-
drial increases cardiac injury (Murphy, 2004; Lesnefsky et al.,
2017). Because treatment before ischemia is not feasible in
clinical settings, clinically relevant adjunctive pharmacologic
treatment to limit cardiac injury is focused on the modulation
of metabolism in the ischemia-damaged mitochondria during
early reperfusion.
The modulation of complex I activity using physiologic

or pharmacological approaches at the onset of reperfusion
decreases cardiac injury (Stewart et al., 2009; Chouchani
et al., 2013; Xu et al., 2014). The protective mitochondrial
phenotype consists of a partial blockade of complex I that
preserves mitochondrial membrane potential (Szczepanek
et al., 2011). Thus, translational utility of complex I inhibi-
tion should focus on reversible, modest blockade rather than
a robust inhibition. Following ischemia, decreased complex I
activity occurs due both to direct structural damage (Chen
et al., 2008) and to a reversible ischemia-induced conforma-
tional change to a deactive form (Galkin et al., 2009). Complex I
exists in two forms: A form (active form) and D form (deactive
form). During ischemia, complex I transitions to the D form
(Galkin et al., 2009; Gorenkova et al., 2013). Ischemia-altered
complex I contributes to injury during early reperfusion
(Lesnefsky et al., 2017). Thus, an agent with selectivity toward
ischemia-altered complex I would provide optimal pharmaco-
logic intervention during early reperfusion, potentially blunting
complex I–mediated injuryduring reperfusionwhileminimizing
inhibition of complex I in myocardium that has not sustained
damage.
Metformin belongs to the biguanide family (Mamputu et al.,

2003) and is an activator of the AMP kinase (AMPK) signaling
pathway (Calvert et al., 2008). Chronic metformin activates
AMPK through a mild complex I inhibition. Complex I is more
sensitive to biguanide-mediated inhibition when in the D form
(Matsuzaki and Humphries, 2015). We proposed that the acute
administration of high-dose metformin during early reperfu-
sion can achieve significant complex I inhibition, especially
in ischemia-altered mitochondria. The goal of the current
study is to use transient, high-dose metformin treatment to
reversibly block complex I immediately following ischemia
and to test the hypothesis that inhibition of ischemia-altered
complex I during reperfusion will attenuate the rapid reac-
tivation of complex I that is associated with reperfusion
injury to themyocardium.We posit that, althoughmetformin
is a known AMPK activator, acute, high-dose treatment will
lead to acute cardioprotection via complex I inhibition indepen-
dent of activation of AMPK.

Materials and Methods
Reagents. The reagents used in isolation of mitochondria and

mitochondria-related functional assays were purchased from Sigma-
Aldrich (St. Louis, MO). Antibodies (AMPKa 2532S, P-AMPKa 2531S,
acetyl-CoA carboxylase 3661, and phosphorylated-acetyl-CoA car-
boxylase 3662) were purchased from Cell Signaling Technology
(Danvers, MA). Mitochondrial CytoTox-Fluor Cytotoxicity AssayG8000
was obtained from Promega (Madison, WI).

Cell Culture and Simulated Ischemia Reoxygenation. H9c2(2-1)
(AmericanTypeCultureCollectionCRL-1446)mycoplasma-free cardiac
myoblasts were grown in complete Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich) containing 4.5 mM glucose and supplemented
with 10% fetal bovine serum and 1% penicillin and streptomycin.

Briefly, cells (3 � 104 cells/ml) were seeded in 25-cm2 flasks after
reaching 70% confluency. Cells were exposed to simulated ischemia
(SI) by replacing the culturemediumwith ischemia buffer (Das et al.,
2005) and incubating in the Galaxy O2 controlled incubator at 5% CO2

and 1% O2 at 37°C for 6 hours. Reoxygenation (RO) was performed
by replacing ischemia buffer with complete DMEM under aerobic
cell culture condition (5%CO2 and 19%O2) at 37°Cwith or without treat-
ment with metformin. Metformin treatment (1 mM) was used at the
onset of RO, continued for 30 minutes, and then replaced with media
containing DMEM without metformin. RO was continued for 24 hours.
Other experiments used metformin treatment of the entire RO period.
Assessment of cell death was performed by measurement of dead
cell protease activity, according to manufacturer instruction, by
using the CytoTox-Fluor Cytotoxicity Assay (Promega). This assay
uses a fluorogenic peptide substrate (bis-alanyl-alanyl-phenylalanyl-
rhodamine 110) that labels cells that have lost membrane integrity
(Jochmans et al., 2012). Using a 96-well plate seededwith 5000 cells/well,
separate plates were used in parallel: one plate for cells incubated
under normoxia condition as a control in parallel with additional
plates of cells that underwent 6-hour SI, followed by 24-hour RO. At
the end of the experiment, assay reagent (5�) was added to all wells
(20 ml per well), followed by brief mixing using orbital shaking, and
then incubated for 30 minutes at 37°C, followed by measurement of
resulting fluorescence (485 nm Ex/520 nm Em).

High-Resolution Respirometry-Oroboros. Measurements were
made inMiR05mediumat 37°C.H9c2 cells treated or control were added
into MiR05 medium, pH 7.1 (Strub et al., 2011). Briefly, cells were
harvested following the incubation period and resuspended in 2.1 ml
MiR-05 pH.7.1. Cell density was determined by counting the cells using a
hemocytometer. For measurement of endogenous respiration, glutamate-
pyruvate-malate (10, 5, and 2 mM, respectively) were used as the
substrate of complex I. Permeabilization of H9c2 cells by digitonin
(10 mg/ml) was followed by addition of 1 mM ADP. Next, inhibition
of complex I by rotenone (0.05 mM) was followed by addition of succinate
(10 mM) as substrate for respiration of complex II. Thenoyltrifluoroace-
tone (40mM)was thenadded to inhibit complex II respiration; complex IV
respiration was measured by addition of N,N,N9,N9-tetramethyl-
p-phenylenediamine/ascorbate (0.3/3 mM). Finally, azide (15 mM)
was added as a complex IV inhibitor.

Hypoxia RO experiments were performed in the Oroboros using a
similar approach, except that after the addition of ADP, the cells were
allowed to consume all the oxygen in the chamber. Ten minutes of
hypoxia was started at the time of zero oxygen concentration with
no evident oxygen consumption. RO was performed by opening the
chamber, and RO documented by measurement of the oxygen con-
tent. Respiration rate was monitored for several minutes, the rate
determined, and rotenone added to derive the background rate for
complex I. Samples were studied with or without 1 mM metformin
added after the initial addition of ADP.

Preparation of Mouse Hearts for Perfusion. The Animal Care
and Use Committees of the McGuire VA Medical Center and Virginia
Commonwealth University approved the study. Studies were carried
out in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes of
Health. Hearts from male C57BL/6 mice (2 to 3 months of age) were
excised and perfused retrograde via the aorta in the Langendorf
mode with modified Krebs–Henseleit buffer (115 mMNaCl, 4.0 mM
KCl, 2.0 mMCaCl2, 26 mMNaHCO3, 1.1 mMMgSO4, 0.9 mMKH2PO4,
and 5.5 mM glucose), gassed with 95% O2–5% CO2, as previously
described (Chen et al., 2011). Hearts were paced via epicardial leads
at 420 beats per minute. Pacing was suspended during ischemia and
during the initial 20 minutes of reperfusion. Cardiac function was
monitored with a balloon inserted into the left ventricle (Powerlab;
AD Instruments, Colorado Springs, CO). Time control hearts were
perfused without ischemia. Hearts were perfused for 15-minute equil-
ibration with Krebs–Henseleit buffer, followed by 25-minute global
ischemia at 37°C and 30- or 60-minute reperfusion. In the metformin
treatment group, metformin (2 mM final concentration) was perfused for
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5minutes at the onset of reperfusion, followed by normal buffer perfusion.
Cardiac injury was assessed by the measurement of infarct size at
60-minute reperfusion with 2,3,5-triphenyltetrazolium chloride (TTC)
and the release of lactate dehydrogenase into coronary effluent during
the entire reperfusion period (Das et al., 2005). Cardiac mitochondria
were isolated after 30minutes of reperfusion in separate experiments.

Isolation and Study of Mouse Heart Mitochondria. Cardiac
mitochondria were isolated, as previously described (Chen et al., 2011).
Mouse hearts were placed in cold buffer A [composition in millimolar:
100 KCl, 50 3-(N-morpholino)propanesulfonic acid (MOPS), 1 EGTA,
5 MgSO4, and 1 ATP], blotted dry, weighed, and homogenized using
a polytron tissue homogenizer at 10,000 rpm for 2.5 seconds in the
presence of trypsin (5 mg/g tissue). The homogenate was incubated for
15 minutes at 4°C; then the same volume of buffer B (buffer A1 0.2%
bovine serum albumin) was added, themixture was centrifuged at 500g
for 10 minutes to pellet myofibrillar debris, and the supernatant again
was centrifuged at 3000g to pellet mitochondria. The mitochondrial
pellet was first washed with buffer B, resuspended in KME (100 mM
KCl, 50 mM MOPS, 0.5 mM EGTA), centrifuged at 3000g to yield the
finalmitochondrial pellet, and resuspended in the same buffer for study
(Chen et al., 2011). Protein content was measured using the Lowry
method. Mitochondria were kept on ice and used within 4 hours.

The rate of oxygen consumption in mitochondria was measured
using a Clark-type oxygen electrode at 30°C, as previously described
(Chen et al., 2011). Mitochondria were incubated in 80 mM KCl,
50 mM MOPS, 1 mM EGTA, 5 mM KH2PO4, and 1 mg defatted,
dialyzed bovine serum albumin/ml at pH 7.4. Glutamate (20 mM)1
malate (10 mM) (complex I substrate) and succinate (20 mM) plus
7.5 mM rotenone (complex II substrate) were studied. The activities
of complex I, II, and citrate synthase were measured in detergent-
solubilized mitochondria using previously described methods (Chen
et al., 2011). To test the effect of metformin on the activities of
complex I and II, metformin was present in the assay.

Calcium Retention Capacity in Isolated Mitochondria.
Calcium retention capacity (CRC) was used to assess calcium-
induced MPTP opening in isolated mitochondria, as previously
described (Paillard et al., 2009). CRC was evaluated in mitochon-
dria (0.25 mg) incubated in medium containing 150 mM sucrose,
50 mMKCl, 2 mMKH2PO4, and 5 mM succinic acid in 20 mM Tris/HCl,
pH 7.4, by sequential pulses of 5 nmol calcium. Extramitochondrial Ca21

concentration was estimated using 0.5 mM Calcium Green-5N (Life
Technology, Eugene, OR) and fluorescence monitored with excitation
and emission wavelengths set at 500 and 530 nm, respectively.

Western Blotting. H9c2 cells were trypsinized and then resus-
pended in complete DMEM and centrifuged, and cell pellets were
washed twice using phosphate-buffered saline. Pellets were resus-
pended in 1� lysis buffer (Cell Signaling) supplemented with protease
and phosphatase inhibitor cocktails (Roche, Indianapolis, IN) and
incubated on ice for 10 minutes, after which samples were centrifuged
at 12,000g for 10 minutes at 4°C to remove insoluble cell debris. The
supernatant was collected, and protein was measured using the
Lowry method. Cell samples or cytosol samples from mouse hearts
were combined with 2� Laemmli sample buffer (161-0737; Bio-Rad,
Hercules, CA) and boiled for 5 minutes, after which proteins were
separated using SDS-PAGE on 4–20% tris-glycine extended gradient
gels (Bio-Rad) and transferred to Immobilion-P transfer membrane
paper (Millipore, Burlington, MA). After blocking nonspecific bind-
ing sites, membranes were incubated with the primary antibodies at
4°C overnight. The next day, the blots were washed three times,
10 minutes each, with Tris-buffered saline (25 mM Tris, 150 mM
NaCl, 2 mM KCl), pH 7.4∼7.6, including 0.1% Tween as detergent,
and were incubated with a 1:10,000 dilution of anti-mouse or anti-
rabbit IgG F(ab)2 fragments conjugated with horseradish peroxidase
in 2% bovine serum albumin in Tween-buffered saline for 1 hour.
Lastly, the blots were washed three times with Tris-buffered saline
with 0.1% Tween and developed using Amersham ECL Plus Western
blotting detection reagents (GEHealthcare, UK) and imaged byChemiDoc
gel imaging system (Bio-Rad). Protein bands were quantified by

densitometry analysis by using ImageJ software (National Institutes
of Health, Bethesda, MD).

In Vivo Murine Model of Ischemia and Reperfusion with
and without Metformin Treatment. The Animal Care and Use
Committee of the University of Mississippi Medical Center approved
the study. Studies were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted and promulgated
by the National Institutes of Health. In vivo regional ischemia and
reperfusionwere performed, as previously described (Quan et al., 2017).
Wild-type mice (C57BL/6) were anesthetized with isoflurane (2%)
and placed on a ventilator (Harvard Apparatus, Holliston, MA). Core
temperature was maintained at 37°C with a heating pad. After left
lateral thoracotomy, the left anterior descending (LAD) coronary artery
was occluded for 45 minutes and then reperfused for 24 hours. An
electrocardiogram and blanching of left ventricle confirmed ischemia
in the risk area with ST-segment elevation on electrocardiogram dur-
ing coronary occlusion (AD Instruments). Before the end of ischemia,
metformin was administered i.v. to achieve 2 mM final concentration in
blood volume in themetformin-treated group at the onset of reperfusion.
The mouse was either subjected to 75 ml 40 mMmetformin i.v. infusion
or a matched-volume saline control. A 75 ml 40 mM metformin i.v. will
equilibrate to 2 mM total body concentration under the assumption
of 1.5 ml blood/mouse. After 24 hours, the mice were anesthetized
and hearts excised and stained with TTC and Evans blue dye to
delineate the extent of myocardial necrosis as a percentage of the
ischemic area at risk. The heart and aorta dissected free, mounted
onto a 20 g cannula, the heart is perfused with 37°C 1% TTC and
incubated in 1%TTC solution. Postincubation, the LADwas religated,
and the noninfarcted area was then stained with 1% Evans Blue via
the aortic cannula. Hearts were then fixed in 10% phosphate-buffered
formalin for 12–16 hours, sectioned axially into 1-mm–thick slices,
photographed with a Leica microscope (Leica Microsystems, Wetzlar,
Germany), and analyzed with ImageJ software (National Institutes of
Health) (Quan et al., 2017). Wild-type littermates or AMPK kinase-
dead (AMPKKD) mice on a C57BL/6 background (Russell et al., 2004;
Yang et al., 2016) underwent regional ischemia and reperfusion in
a similar manner (Ma et al., 2010). The AMPK KD mice express a
kinase-dead subunit a2 K45R mutation, driven in heart and skeletal
muscles by the muscle creatine kinase promoter on a C57BL/6J back-
ground (Russell et al., 2004; Yang et al., 2016). Themice used for study
were from a colony in Dr. Ji Li’s laboratory.

Statistical Analysis. Data are expressed as the mean 6 S.E.M.
(Steel and Torrie, 1960). For all analyses, differences between groups
($3 groups) were compared by one-way analysis of variance (Sigma-
Stat 3.5, Systat, Richmond, CA; and GraphPad Prism version 7.00
for Windows, GraphPad Software, La Jolla, CA). When a significant
F value was obtained, means were compared using the Student-
Newman-Keuls test of multiple comparisons. Differences between
two groups were compared by unpaired Student t test (SigmaStat 3.5;
Systat). Statistical significance was defined as a value of P , 0.05.

Results
Partial Inhibition of Complex I Respiration by High

Dose of Metformin Treatment. Complex I activity was
measured in mitochondria isolated from control or ischemic
mouse hearts in the presence or absence of the metformin.
Compared with control, 25-minute global ischemia decreased
complex I activity inmouse heart mitochondria [mean6S.E.M.,
control (795 6 65 mU/min per milligram mitochondrial protein,
n5 3) vs. ischemia (582644,n5 3),P, 0.05] (Fig. 1A). Ischemia
did not alter the activity of complex II (Fig. 1B). Complex I
activity was not altered in nonischemic control mitochondria
in the presence of acutely administered metformin (2 mM)
[mean 6 S.E.M., control (795 6 65 mU/min per milligram
mitochondrial protein, n5 3) vs. control with 2mMmetformin
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(740 6 54, n 5 3), p 5 N.S.]. However, complex I activity
was further decreased in ischemia-altered mitochondria in
the presence of 2 mM metformin [mean 6 S.E.M., ischemia
(582 6 44 mU/min per milligram mitochondrial protein, n 5 3)
vs. ischemia 1 2 mM metformin (424 6 12, n 5 3), P , 0.05]
(Fig. 1A). Metformin did not decrease complex II activity in
either control or postischemic mitochondria (Fig. 1B).
Metformin inhibited respiration with complex I substrates

in H9c2 cells following 10-minute hypoxia (Fig. 1C). Hypoxia
RO led to a decrease in oxidative phosphorylation inH9c2 cells
(Fig. 1D). Metformin did not lead to additional inhibition of
respiration with complex II (Fig. 1D) or complex IV (data not
shown) substrates. These findings indicate that acute, high-
dose metformin treatment selectively inhibits electron trans-
port at complex I. Moreover, inhibition is acutely evident in
posthypoxia cells and postischemia mitochondria, whereas the
same concentration ofmetformin did not acutely inhibit complex
I before the hypoxic period in cells or in mitochondria isolated
from nonischemic hearts (Fig. 1, A and C). These results
support that acute, high-dose metformin selectively down-
regulates complex I activity following the hypoxic or ischemic
insult. This finding is in line with inhibition of the deactive
form of complex I. The results also provide the foundation for
the study of acute, high-dose metformin treatment in cardiac
protection during early reperfusion.
Metformin Treatment at RO Protected Against Cardiac

Cell Injury Following Simulated Ischemia. To assess
the effect of metformin on cell death, H9c2 cells were ex-
posed to 6-hour SI and 24-hour RO and treated with or without
high-concentration metformin (1 mM) at the onset of RO

(Fig. 2A). Strikingly, metformin, applied for only 30 minutes
at RO, reduced cell death measured at 24-hour RO (Fig. 2A).
The protection was similar to that observed when metformin
was present during the entire 24-hour RO period (Fig. 2E).
Metformin treatment decreased cell death following SI/RO
evaluated using the CytoTox-Fluor assay (Fig. 1A). Cell death
was alsomeasured using the propidium iodide–Annexin V assay
assessed using flow cytometry (Supplemental Fig. 1). Metformin
treatment at the onset of RO following 6-hour SI decreased
cellular ROS generation compared with cells exposed to
untreated SI/RO assessed by using the fluorescent probe
H2DCFDA (Fig. 2D). Thus, the key timing of protection derived
from acute administration of high concentration metformin
was in the early reperfusion period. This result guided subsequent
experiments in the intact heart.
AMPKwas robustly (phosphorylated AMPK threonine-172)

activated in cells exposed to 6-hour SI, as shown by the phos-
phorylation of AMPK and its downstream effector acetyl-CoA
carboxylase. AMPK remained phosphorylated in H9c2 cells
following RO (Fig. 2, B and C). Thus, acute, high-dosemetformin
treatment delivered at RO reduced cell death, although AMPK
was already activated by the preceding period of hypoxia. These
findings support a non-AMPK–mediated mechanism of action
of acute, high-dose metformin therapy.
Metformin Treatment during Reperfusion Decreased

Cardiac Injury. In isolated buffer-perfused mouse hearts,
administration of high-concentration metformin at the onset
of reperfusion for 5minutes improved cardiac function, as shown
by improved left ventricular developed pressure and decreased
left ventricular end-diastolic pressure compared with untreated

Fig. 1. Metformin inhibited complex I activity in heart mitochondria following ischemia. (A) Compared with nonischemic time control, ischemia
decreased complex I activity in mitochondria isolated from mouse hearts at the end of 25 minutes of stop flow ischemia. Acute exposure to metformin of
0.5–2.0 mM resulted in an additional decrease in complex I activity that was selective to mitochondria isolated from hearts at the end of ischemia,
whereas complex I activity in mitochondria from nonischemic control hearts was not downregulated. (B) In contrast to complex I, the activity of complex
II was not affected by acute, high-dose exposure to metformin. (C) In parallel to isolated mitochondria, acute, high-dose exposure to metformin (1 mM)
decreased the rate of oxidative phosphorylation with complex I substrates in H9c2 cells during RO after hypoxia (HRO-MET) compared with hypoxia RO
alone (HRO). In contrast, acute treatment with 1 mM metformin did not affect complex I–mediated respiration in cells not exposed to HRO. (D) In
contrast to complex I–mediated respiration, acute metformin exposure did not downregulate the rate of oxidative phosphorylation with complex II
substrates, again indicating the selectivity of metformin-induced downregulation of respiration to complex I. All data are expressed as mean 6 S.E.M.;
*P , 0.05 vs. nonischemic control; †P , 0.05 vs. nonmetformin treated; n = 3 in each group for mitochondria (A and B) and number of individual
experiments shown for cell studies.
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hearts (Fig. 3, A and B). Metformin treatment also decreased
the infarct size [mean 6 S.E.M., untreated ischemia reperfusion
(37%64%of left ventricle,n5 6) vs. 2mMmetformin1 ischemia
reperfusion (15% 6 3% of left ventricle, n 5 6), P , 0.05]
measured by TTC staining (Fig. 3C). At the end of ischemia, in
cytosol from mouse hearts, AMPK was robustly phosphory-
lated (Fig. 3, E and F), consistent with the findings in H9c2
cells following SI. Acute, high-dose metformin treatment de-
livered at the onset of reperfusion reduced cardiac injury, even
though AMPK was already active due to the preceding period
of ischemia. These results support that transient, high-dose
metformin treatment at reperfusion decreases cardiac injury.
Metformin Treatment during Early Reperfusion

Decreased MPTP Opening. CRC was used to assess the
susceptibility to opening of the MPTP in isolated mito-
chondria (Paillard et al., 2009). The CRC in mitochondria
from untreated ischemia-reperfused hearts was decreased
compared with nonischemic hearts [mean 6 S.E.M., control
(705 6 20 nmol calcium/mg mitochondrial protein, n 5 6) vs.
ischemia reperfusion (340 6 10, n 5 6), P , 0.05] (Fig. 3D).
Metformin treatment at the onset of reperfusion significantly
improvedCRC comparedwith untreated hearts [mean6S.E.M.,
untreated ischemia reperfusion (340 6 10 nmol calcium/mg
mitochondrial protein, n5 6) vs. 2 mMmetformin1 ischemia
reperfusion (4676 48, n5 6), P, 0.05] (Fig. 3D), indicating a
decreased susceptibility to opening of theMPTP as a potential
mechanism of cardiac protection resulting from the modula-
tion of complex I activity at the onset of reperfusion.
The rate of oxidative phosphorylation was measured in

mitochondria from buffer-perfused hearts with or without

metformin treatment. Compared with nonischemic control,
ischemia and reperfusion decreased the maximal rate of oxida-
tive phosphorylation using both complex I and complex II
substrates (Supplemental Table 1). Metformin treatment
delivered at the onset of reperfusion did not improve oxidative
phosphorylation compared with untreated hearts using com-
plex I or complex II substrates (Supplemental Table 1). Met-
formin treatment did not alter the coupling of respiration
nor state 4 ADP-limited respiration (Supplemental Table 1).
Thus, the protection of metformin is not due to improved
oxidative phosphorylation. The absence of improvement in
respiration is in line with the previous observation that a
substantial portion of damage to the ETC occurs during
ischemia (Lesnefsky et al., 2004b), before high-dose met-
formin is administered. The absence of additional inhibi-
tion withmetformin treatment is consistent with a reversibility
of the acute, high-dose metformin effect over the 25 minutes
of reperfusion between the cessation of metformin treatment
and the study of mitochondria.
Metformin Given Only at the Onset of Reperfusion

Decreased Infarct Size In Vivo. Wild-typemice (C57BL/6)
underwent in vivo ischemia and reperfusion of the LAD territory
with infarct size assessed at 24 hours after reperfusion. The
risk area was similar in treated and untreated mice (Fig. 4A,
left panel). Infarct size (Fig. 4A, right panel) was substantially
decreased following a single treatment with metformin i.v. at
the end of ischemia dosed to provide an approximately 2 mM
concentration in blood volume at the onset of reperfusion
[mean 6 S.E.M.: vehicle (0.20 6 0.02 infarct size per total
area at risk, n5 6) vs. metformin (0.126 0.02 n5 6), P, 0.05].

Fig. 2. Metformin treatment at the onset of RO decreased cell death in concert with selective inhibition of respiration through complex I. (A) Top
metformin treatment of only 30 minutes at the onset of RO protected against cell death. Experimental protocol is shown. (A) Bottom: The result of the
cytotoxicity assay is shown (n = 3 each group). (B) AMPK activation in three independent samples of H9c2 cells exposed to SI alone for 6-hour SI and
24-hour RO or normoxia alone (control). The AMPK downstream effector–phosphorylated acetyl-CoA carboxylase (P.ACC) is activated by SI or SI/RO,
indicating functional AMPK activation. P.ACC is normalized to b actin (B.actin). (C) Densitometry measurements from (B) of activated P-AMPK
normalized to total AMPK. (D) Top: Scheme that represents the protocol of the experiments. (D) Bottom: Metformin protected H9c2 cells exposed to
6-hour SI and 24-hour RO against cell death (n = 5 in each group). (E) ROS production was measured in cells exposed to SI and RO (SI/RO) as in (D) (n =
3 each group). All data are expressed as mean 6 S.E.M.; *P , 0.05 vs. control without SI; †P , 0.05 vs. untreated SI/RO.
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Thus, metformin, given at the onset of reperfusion in a dose to
cause reversible, partial inhibition of complex I, decreased cardiac
injury in the adult heart following 24 hours of reperfusion in vivo.
We next asked whether high-dose metformin administered

at the onset of reperfusion would reduce injury in the AMPK
KD mouse. Wild-type littermate controls were again treated
withmetformin at the end of ischemia.Metformin again reduced
infarct size in concomitant wild-type mice serving as a control
(Fig. 4B) [mean6 S.E.M.: vehicle (0.226 0.02 infarct size per
total area at risk, n5 5 vs. metformin (0.126 0.01 n5 4); P,
0.05]. Of note, high-dose acute metformin treatment at the
onset of reperfusion reduced infarct size in the AMPKKDmice
[mean 6 S.E.M.: vehicle (0.34 6 0.02, infarct size per total
area at risk, n5 4) vs.metformin (0.166 0.01, n5 5);P, 0.05]
(Fig. 4C). Note that infarct sizes, especially in the untreated
AMPKKD group, tended to be greater than in the correspond-
ing wild-type mice, consistent with greater susceptibility to
injury in the AMPK KD model. Despite the increased suscep-
tibility to myocardial necrosis, acute, high-dose metformin
therapy delivered only at reperfusion reduced infarct size.
This finding supports an AMPK-independent mechanism of
protection with acute, high-dose early reperfusion treatment.

Discussion
We found that acute, high-dose treatment with metformin

selectively decreases complex I activity in ischemia-damaged

mitochondria and in H9c2 cells following hypoxia. Although
chronic therapy with low-dose metformin decreases cardiac
injury via activation of AMPK (Calvert et al., 2008; Varjabedian
et al., 2018), acute, high-dose metformin treatment only at the
onset of reperfusion decreases cardiac injury in mouse hearts
andH9c2 cells even though robust AMPKactivation is already
present. Furthermore, acute, high-dose metformin treatment
reduced infarct size in vivo in the cardiac AMPK KD mouse.
Thus, protection from acute, high-dose metformin at the onset
of reperfusion occurs through partial inhibition of complex I.
Metformin treatment decreases the cardiac injury in part
via decreased MPTP opening during reperfusion. Attenua-
tion of MPTP opening is linked with protective modulation
of complex I.
Substantial damage to electron transport occurs during

ischemia (Galkin and Moncada, 2007; Galkin et al., 2009;
Chen et al., 2017). Ischemic damage to mitochondria occurs
in part via the ETC with production of ROS that damage the
ETC itself (Turrens, 2003; Lesnefsky et al., 2004a). The damaged
ETC, in turn, augments cardiac injury during reperfusion
(Lesnefsky et al., 2017). Although treatment during reperfusion
cannot reverse ischemic damage, modulation of the ischemia-
damaged ETC during reperfusion decreases myocyte injury
(Stewart et al., 2009; Xu et al., 2014). Modulation of the ETC
at complex I reduces injury by decreasing the production of
ROS (Ambrosio and Flaherty, 1992; Kevin et al., 2003) and
attenuates ETC effector mechanisms of MPTP opening,

Fig. 3. Metformin treatment only during reperfusion decreased cardiac injury. (A and B) In isolated hearts: compared with untreated, metformin (MET)
treatment improved the recovery of left ventricular developed pressure (LVDP, mm Hg) and decreased left ventricular end-diastolic pressure
(LVEDP, mm Hg) during reperfusion (EQ, equilibration period before ischemia; REP, reperfusion). (C) Metformin treatment decreased myocardial
infarct size compared with untreated hearts, indicating that acute, high-dose metformin treatment only at the onset of reperfusion markedly decreased
cardiac injury. (D) Metformin treatment improved the CRC of mitochondria isolated following ischemia and reperfusion compared with untreated
hearts, indicating that treatment decreased the susceptibility to opening of the MPTP during reperfusion. (E and F) Phosphorylation of AMPK (AMPK
Thr172) was increased in cytosol isolated from isolated perfused mouse hearts at the end of stop flow ischemia compared with nonischemic time controls.
All data are expressed as mean 6 S.E.M.; *P , 0.05 vs. control; †P , 0.05 vs. untreated; n = 6 in each group except for n = 3 in (E and F).
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activation of mitochondrial proteases (Chen et al., 2011),
and apoptosis (Chen et al., 2011). The optimal modulation
of complex I appears to be a partial inhibition that does not
lead to depolarization of mitochondrial membrane potential
(Szczepanek et al., 2012). This biologic paradigm appears to be
a balance that attenuates oxidative injury without substan-
tially impairing ATP production.
Ischemia causes a functional defect within complex I that

disrupts electron flow through the complex (Galkin andMoncada,
2007; Chen et al., 2008; Galkin et al., 2009). The key locus is
near the coenzyme Q binding site (Galkin andMoncada, 2007;
Chen et al., 2008; Galkin et al., 2009). Complex I exists in two
different conformations, the active and the deactive confor-
mations (Galkin and Moncada, 2007; Galkin et al., 2008, 2009;
Babot and Galkin, 2013; Gorenkova et al., 2013), with the
deactive form increased by ischemia (Galkin and Moncada,
2007; Galkin et al., 2009; Gorenkova et al., 2013). Deactive
complex I is more sensitive to inhibition by biguanides
(Bridges et al., 2014; Matsuzaki and Humphries, 2015).
Two millimolar metformin acutely decreased complex I activity
in ischemia-exposed mouse heart mitochondria, but not in
mitochondria from nonischemic control hearts. Parallel exper-
iments inH9c2 cells demonstrated acute inhibition of complex I

respiration by metformin following hypoxia in contrast to
normoxia. Our results thus suggest that the mechanism of
complex I inhibition by metformin involves metformin-induced
stabilization of the deactive form of complex I. These findings
are particularly intriguing because they raise the potential
for a reperfusion intervention that selectively targets the
ischemia-damaged ETC that results in injury during early
reperfusion.
Treatment with high-dose metformin at reperfusion de-

creased cardiac injury, in line with previous studies that
reversible inhibition of complex I during reperfusion pro-
tects (Stewart et al., 2009; Szczepanek et al., 2012; Xu et al.,
2014). Acute, high-dose metformin treatment to modulate
complex I during early reperfusion decreased the produc-
tion of ROS and decreased susceptibility of mitochondria to
opening of the MPTP.
An increase in MPTP opening augments cardiac injury

during reperfusion and is attenuated by transient blockade
of electron transport at complex I (Baseler et al., 2013).
Oxidative stress contributes to MPTP opening during reper-
fusion (Baseler et al., 2013). Metformin decreased ROS pro-
duction measured during reoxygenation (Wang et al., 2017).
ROS production during early reperfusion can occur by forward

Fig. 4. Metformin given during reperfusion decreased
cardiac injury in hearts in vivo. Mouse hearts underwent
45-minute LAD ligation and 24 hours of reperfusion. (A)
Metformin treatment decreased the infarct size as a
fraction of the ischemic zone area at risk (INF/AAR) in
C57BL/6 mice following ischemia reperfusion (n = 6 each
group). The area at risk (AAR) ischemic zone was similar
in each group (B and C). Metformin treatment decreased
infarct size in wild-type (B) and AMPK KD mice (C) (wild
type: vehicle n = 5, metformin n = 4; AMPK KD: vehicle
n = 4, metformin n = 5). All data are expressed as mean 6
S.E.M.; *P , 0.05 vs. untreated hearts.
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electron flow from complex I into complex III (Xu et al., 2014).
ROS production also occurs at the onset of reperfusion via
reverse electron flow from complex II into complex I in the
presence of accumulated succinate (Chouchani et al., 2013,
2014; Pell et al., 2016) supported by the mitochondrial inner
membrane potential. Reverse electron transport-mediated
ROS generation sensitizes mitochondria to opening of the
MPTP (Andrienko et al., 2017). Although the relative contribu-
tion of forward and reverse electron transport will vary based
upon the presence of high concentration of succinate (onset of
reperfusion) (Chouchani et al., 2014), extent of mitochondrial
damage (ability to generate a membrane potential adequate to
support reverse electron transport), issues that dynamically
change as reperfusion continues, inhibition of complex I at the
site distal in the complex attenuates ROS production from both
forward and reverse electron transport. In addition, metformin
treatment can decrease ROS generation in isolated hearts and
H9c2 cells following ischemia reperfusion by enhancing mi-
tochondrial antioxidants, including manganese superoxide
dismutase and catalase (Wang et al., 2017). Metformin may
also affect other mitochondrial antioxidants, including thiore-
doxin reductase-2 (Stanley et al., 2011). Metformin may de-
crease MPTP opening through reduction of ROS generation
via complex I inhibition or increased antioxidant capacity,
protecting against reverse electron flow-mediated ROS
generation at the onset of reperfusion and forward electron
transport-mediated ROS from complex III as reperfusion
continues.
Chronic, standard-dosemetformin therapy activates AMPK by

decreasing ATP content through partial inhibition of complex I
(Bridges et al., 2014; Varjabedian et al., 2018). SI in H9c2 cells
and stop flow ischemia in mouse hearts result in robust AMPK
phosphorylation before RO/reperfusion. Thus, metformin is
delivered to an already active AMPK system and nonetheless
protects cardiomyocytes and intact hearts, although AMPK
is already active before administration. The findings of the
current study strongly support that the protective mecha-
nism for metformin against early reperfusion is likely an
AMPK-independent modulation of complex I.
In the diabetic patient receiving chronicmetformin therapy,

the metformin concentration usually is in the micromolar
range (Babot and Galkin, 2013; Fontaine, 2014). In the
present study, acute, physiologically significant modula-
tion of complex I required 1 to 2 mM metformin. Multiple
previous studies found that various treatment paradigms,
most involving chronic pretreatment before ischemia with
standard (low)-dose metformin, can protect. Metformin pro-
tected both the diabetic and nondiabetic hearts during ischemia
and reperfusion in mice (Calvert et al., 2008). It is of interest
that treatment at the onset of reperfusion with lower-dose
metformin than in the present study protected in an AMPK-
dependent manner because protection was not observed in
the AMPK KD mouse (Calvert et al., 2008). In contrast, acute
treatment at the onset of reperfusion in the current study with
high-dose metformin protected the AMPK KD mouse. Reminis-
cent of the Calvert study, the study of Techiryan et al. (2018) in a
swinemodel of infarction used a dose ofmetformin at reperfusion
that achieved a peak plasma level of approximately 0.4 mM at
15 minutes reperfusion. A reduction in infarct size was not
observed (Techiryan et al., 2018). The dose and concentration
used were likely below the 1 to 2 mM needed to acutely inhibit
complex I. This recent work further supports the role of acute

modulation of complex I as a key mechanism of protection and
the need for higher-dose metformin very early in reperfusion.
There is clinical potential to usemetformin as an acute complex I
inhibitor based upon the paradigm of the current study.
Administration of 2 mM metformin intracoronary at the
time of percutaneous intervention for STEMI for the initial
5 minutes of reperfusion would require a total dose of approxi-
mately 0.5 g of metformin, a clinically administered dose.
This dose would equilibrate in the body following eventual
release from the myocardium and based on previous pharma-
cokinetic data achieve the typical micromolar range concen-
tration of chronic metformin therapy.
Acute, high-dose metformin can attenuate the ETC-driven

injury that occurs early in reperfusion. This acute cardiopro-
tection can be consolidated by the chronic use of standard-dose
metformin to recruit AMPK-mediated cardioprotection dur-
ing later recovery. Beneficial longer-term impacts of AMPK-
mediated signaling include the shift of substrate utilization
toward glucose oxidation (Zaha and Young, 2012; Babot and
Galkin, 2013), attenuation of endoplasmic reticulum stress
(Chen et al., 2017), and the activation of protective mitophagy
and mitochondrial biogenesis (Quan et al., 2018).
The current study builds upon previous work of cardiopro-

tection achieved by the modulation of the ischemia-damaged
ETCduring reperfusion. Inhibition of ischemia-altered complex I
with high-dose, acutely administered metformin, in relative
preference to undamaged complex I, opens a new paradigm of
targeted treatment of reperfusion injury. Metformin, a cur-
rently approved agent, could be repurposed for treatment.
Lastly, the present study opens a novel therapeutic paradigm
to treat reperfusion injury that will address the early phase
of cardiac injury with the potential of continued therapy to
activate additional cytoprotective mechanisms during later
reperfusion. It is likely that successful clinical intervention
against reperfusion injury will require complimentary ther-
apy that approaches differing mechanisms of cardiac injury
throughout the time course of myocardial recovery.
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