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Metformin is a widely used antidiabetic drug that exerts

cardiovascular protective effects in patients with diabe-

tes. How metformin protects against diabetes-related

cardiovascular diseases remains poorly understood.

Here, we show that metformin abated the progression

of diabetes-accelerated atherosclerosis by inhibiting mi-

tochondrial fission in endothelial cells. Metformin treat-

ments markedly reduced mitochondrial fragmentation,

mitigated mitochondrial-derived superoxide release,

improved endothelial-dependent vasodilation, inhibited

vascular inflammation, and suppressed atherosclerotic

lesions in streptozotocin (STZ)-induced diabetic ApoE2/2

mice. In high glucose–exposed endothelial cells, metformin

treatment and adenoviral overexpression of constitu-

tively active AMPK downregulated mitochondrial super-

oxide, lowered levels of dynamin-related protein (Drp1)

and its translocation into mitochondria, and prevented

mitochondrial fragmentation. In contrast, AMPK-a2 defi-

ciency abolished the effects of metformin on Drp1 expres-

sion, oxidative stress, and atherosclerosis in diabetic

ApoE2/2/AMPK-a22/2 mice, indicating thatmetformin ex-

erts an antiatherosclerotic action in vivo via the AMPK-

mediated blockage of Drp1-mediated mitochondrial

fission. Consistently, mitochondrial division inhibitor

1, a potent and selective Drp1 inhibitor, reduced mi-

tochondrial fragmentation, attenuated oxidative stress,

ameliorated endothelial dysfunction, inhibited inflamma-

tion, and suppressed atherosclerosis in diabetic mice.

These findings show that metformin attenuated the de-

velopment of atherosclerosis by reducing Drp1-mediated

mitochondrial fission in an AMPK-dependent manner.

Suppression of mitochondrial fission may be a thera-

peutic approach for treating macrovascular complica-

tions in patients with diabetes.

Patients with diabetes exhibit accelerated atherosclerosis

compared with patients without diabetes. Hyperglycemia

in diabetes is believed to exacerbate atherosclerosis by

promoting the release of reactive oxygen species (ROS)

that damage sensitive cell components, such as DNA,
cause premature cell death, and reduce nitric oxide (NO)

availability, thus resulting in endothelial dysfunction (1).

Several ROS-producing systems, including NADPH oxi-

dases, uncoupled endothelial NO synthase (eNOS), and

mitochondria, contribute to ROS generation (2). In-

creased mitochondrial ROS are critical for the initiation

of endothelial dysfunction and the acceleration of athero-

sclerosis in diabetes (3). For example, overexpression of
mitochondrial thioredoxin 2 or administration of the

mitochondria-targeted antioxidant, mitoQ, reduces athero-

sclerotic lesions in ApoE2/2 mice (4,5).

Mitochondria are critical integrators of energy pro-

duction, ROS generation, signaling transduction, and

apoptosis. Recent work has highlighted the importance

of mitochondrial dynamics, particularly mitochondrial

fusion and fission, in mitochondrial homeostasis (6). Mi-
tochondrial fusion seems to be beneficial because it dis-

tributes metabolites, proteins, and DNA throughout the

mitochondrial network. In contrast, excessive mitochon-

drial fission may be detrimental because it causes the
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accumulation of fragmented mitochondria with electron
transport chain (ETC) impairment and increases mitochon-

drial ROS in mammalian cells (7,8). In endothelial cells,

mitochondrial fission also contributes to the reduction in

eNOS-derived NO bioavailability (9), impairment of angio-

genesis (10), and induction of apoptosis (11). Furthermore,

an increase in mitochondrial fission is associated with the

pathogenesis of diabetic cardiomyopathy (12), nephropa-

thy (13), and peripheral neuropathy (14).
A recent work reported that high glucose induces

mitochondrial fission by upregulating dynamin-related

protein (Drp1) protein expression (15). Drp1 is a cytosolic

guanosine-5’-triphosphatase that triggers mitochondrial

division by binding with fission 1 (Fis1) or mitochondrial

fission factor (Mff) on mitochondria. The increased mito-

chondrial fission contributes to diabetes-induced endo-

thelial dysfunction (9). These studies suggest that the
suppression of mitochondrial fission may effectively pre-

vent diabetes-induced atherosclerosis and its related car-

diovascular complications.

Metformin is a synthetic dimethyl biguanide and has

been a mainstay of therapy for patients with type 2

diabetes mellitus (T2DM). In addition to lowering blood

glucose, metformin reduces cardiovascular complications

in patients with diabetes (16). For instance, it prevents
the progression of common carotid intima-media thick-

ness, an indicator of atherosclerosis, and reduces the in-

cidence of myocardial infarction in patients with T2DM

(17,18). These beneficial cardiovascular effects appear to

be independent of its antihyperglycemic effect, because

other conventional treatments (e.g., insulin and sulfonyl-

urea) exhibit less beneficial cardiovascular effects.

Increasing evidence has shown that metformin in-
hibits mitochondrial fragmentation by activating AMPK in

diabetes (15,19), resulting in the prevention of endothe-

lial damage such as apoptosis and inflammation (20–22).

Similarly, fish oil is an AMPK activator that regulates the

expression of mitochondrial dynamics–related proteins,

including mitofusin 2 (MFN2) and Fis1, accompanied

with a reduction in atherosclerotic plaques in ApoE2/2

mice fed a high-fat diet (23). Furthermore, vascular
smooth muscle cells (VSMCs) isolated from atheroscle-

rotic arteries of ApoE2/2 mice express low levels of

MFN2 (24). Although the above-mentioned events indi-

cate the potential role of MFN2 in atherosclerosis,

whether mitochondrial fission directly promotes the de-

velopment of atherosclerosis is unknown, and whether

this mechanism is involved in the antiatherosclerotic ac-

tion of metformin in diabetes remains unclear.
Using streptozotocin (STZ)-induced diabetic ApoE2/2

mice, we found that metformin reduced Drp1 expression

and Drp1-mediated mitochondrial fission in an AMPK-

dependent manner. Moreover, inhibition of mitochon-

drial fission by metformin or mitochondrial division

inhibitor 1 (mdivi-1) attenuated diabetes-induced oxi-

dative stress, endothelial dysfunction, and atheroscle-

rosis development.

RESEARCH DESIGN AND METHODS

The Georgia State University Institutional Animal Care

and Use Committee reviewed and approved the animal

protocols in this study.

Animal Experiments

C57BL/6J wild-type (WT) mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). AMPK-a22/2/

ApoE2/2 mice were generated as previously described

(25). ApoE2/2 littermates served as controls. Mice were

housed in temperature-controlled cages under a cycle with

12 h of light and 12 h of darkness.

Eight-week-old male WT mice were intraperitoneally

injected with 50 mg/kg STZ for 5 days, according to the

Animal Models of Diabetic Complications Consortium
protocol. Blood glucose was assayed 2 weeks after in-

jection with the OneTouch Ultra Blood Glucose Monitor-

ing System (LifeScan Inc., Wayne, PA). Mice with blood

glucose .300 mg/dL were considered to have diabetes.

Diabetic mice were treated 1 month later with insulin

(0.5 units/kg, twice per day, intraperitoneally, 14 days),

mdivi-1 (1.2 mg/kg/d, osmotic pump, 14 days), or metformin

(300 mg/kg/d, drinking water, 4 weeks). At the end of the
experiments, aortas were collected for endothelial function,

ROS production, and Western blot analyses.

In another set of experiments, 8-week-old male

ApoE2/2 and AMPK-a22/2/ApoE2/2 mice were fed the

chow diet. Diabetes was induced by STZ injection, as pre-

viously described. Diabetic mice were treated 2 weeks

later with metformin (300 mg/kg/d in drinking water,

12 weeks) or mdivi-1 (10 mg/kg, intraperitoneally, twice
per week, 8 weeks). At the end of the experiments, aortas

were collected for immunohistochemistry, immunofluo-

rescent, and Western blot analyses.

Reagents

Mdivi-1, STZ, D-glucose, mannitol, and insulin were pur-
chased from Sigma-Aldrich (St. Louis, MO). Metformin

was obtained from Spectrum Chemical Manufacturing

Corp. (New Brunswick, NJ). Primary antibodies informa-

tion (name, company, catalog number, molecular weight)

are provided in Supplementary Table 1. All other chem-

icals used were of the highest commercial grade available.

Atherosclerosis Studies

Aortic root lesions and en face lesions of the aortic arch

were stained with Sudan IV and Oil Red O, respectively, as

described previously (26). Serum cholesterol and triglyc-

eride levels were determined using Infinity reagent (Thermo

Fisher Scientific).

Assessment of ROS Production

To assess mitochondrial ROS production, we incubated
freshly isolated aortic rings with 2 mmol/L MitoSOX Red

(Thermo Fisher Scientific) in Krebs buffer at 37°C for

20 min. The aortic rings were homogenized in 50% meth-

anol (100 mL) with a glass pestle. Tissue homogenates

were passed through a 0.22-mm syringe filter, and the

methanol filtrates were injected into a Waters HPLC
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e2695 separation module to separate and quantify the
MitoSOX oxidation product, mito-2-hydroxyethidium,

with a Waters 2475 fluorescence detector at excitation

and emission wavelengths of 510 and 580 nm, respec-

tively. Human umbilical vein endothelial cells (HUVECs)

were incubated with endothelial basal medium (EBM)

containing 2 mmol/L MitoSOX Red for 30 min. The cells

were rinsed twice with PBS, mounted in SHUR/Mount

medium, and observed by the Olympus BX53F micro-
scope. Intracellular ROS in freshly isolated aortas were

measured using dihydroethidium (DHE; Thermo Fisher

Scientific) as described previously (27).

Measurement of Endothelial Function

Vessel bioactivity was assayed by organ chamber (Radnoti

LLC, Monrovia, CA), as described previously (28). Mouse

descending aortic rings were precontracted with 30 nmol/L

U46619. At the plateau of contraction, endothelium-
dependent and -independent vasodilation responses were

determined in the presence of acetylcholine (Ach; 1029 to

1025 mol/L) or sodium nitroprusside (SNP; 10210 to

1026 mol/L), respectively.

Immunohistochemistry and Immunofluorescence

Immunohistochemical staining was performed on thoracic

aortas to detect Drp1, 3-nitrotyrosine (3-NT), intracellular

adhesion molecule 1(ICAM-1), and vascular cell adhesion

molecule 1 (VCAM-1) as described previously (28). For
8-oxo-29-deoxyguanosine (8-OHdG) staining, aortic sections

were pretreated with proteinase K and RNase A before in-

cubation with the primary antibody. The semiquantitative

analysis of tissue staining was performed using an arbi-

trary grading system from a score of 0 to 5 (score 0: no

staining; score 1: 1–20%; score 2: 21–40%; score 3: 41–60%;

score 4: 61–80%; and score 5: 81–100% positive staining

in the intima).
Immunofluorescent staining was performed on aortic root

to detect ICAM-1 and VCAM-1 (29). The grade of fluores-

cence intensity for ICAM-1 and VCAM-1 was measured using

ImageJ software (National Institutes of Health).

Cell Culture

HUVECs were obtained from American Type Culture Collec-

tion (Manassas, VA) and grown in EBMmedium with growth
supplement (Gibco). Cells were incubated at 37°C in a hu-

midified atmosphere of 5% CO2 and 95% air and grown to

70–80% confluence. Cells at passages three to eight were

used in the experiments.

Immunoblotting

Western blotting was performed using the standard method,

as previously described (30).

Quantification of Mitochondrial Morphology

HUVECs were seeded and grown on glass coverslips

(MatTek Corp.). Mitochondrial morphology was visual-

ized by incubating the cells with MitoTracker Deep Red

(excitation: 644 nm; Invitrogen) for 30 min. Cells were

transferred into an incubation chamber (37°C, 5% CO2),

and images were acquired using LSM-800 time-lapse

confocal microscopy with 340 oil immersion objective
lens. Z-stacks of thresholder images were volume recon-

stituted using the VolumeJ plug-in (31). We can track

changes in mitochondrial size that ranged from 0.039 to

0.873 mm2. The number and individual volume of each

mitochondrion were analyzed and quantified using the

ImageJ 3D Object Counter plug-in. At least 100 cells were

analyzed in each sample to determine cells undergoing

mitochondrial fragmentation. A decrease in mitochon-
drial volume and an increase in the number of mitochon-

dria per cell were considered as mitochondrial fission.

Statistical Analysis

Values are expressed as mean 6 SEM. One- or two-way

ANOVA was used to compare the differences among three

or more groups, followed by Bonferroni multiple compar-

ison tests using GraphPad Prism 5 software (GraphPad

Software, Inc., La Jolla, CA). Values of P , 0.05 were
considered significant.

RESULTS

Metformin Reduces Atherosclerotic Lesions in

Diabetic ApoE2/2 Mice but Not in Diabetic ApoE2/2/

AMPK-a22/2 Mice

Compared with nondiabetic ApoE2/2 mice, diabetic ApoE2/2

mice developed significantly larger en face lesions in the aor-
tic arches and more atherosclerotic lesions in the aortic

sinus. Metformin treatment (300 mg/kg/d in drinking

water, 16 weeks) significantly reduced lesion areas in the

aortic root and aortic arch in diabetic ApoE2/2 mice

but not in nondiabetic ApoE2/2 mice (Fig. 1A–D).

Metformin exerts its cardiovascular protective role by

activating AMPK (28,32). To explore whether AMPK is

involved in the antiatherosclerotic action of metformin
in the context of diabetes, we backcrossed AMPK-a2–

deficient mice onto an ApoE2/2 background to generate

ApoE2/2/AMPK-a22/2 mice. Diabetic ApoE2/2/AMPK-

a22/2 mice developed more atherosclerotic lesions in

the aortic sinus and aortic arch compared with nondia-

betic ApoE2/2/AMPK-a22/2 mice. Metformin adminis-

tration attenuated the development of atherosclerosis in

diabetic ApoE2/2 mice but did not reduce the develop-
ment of atherosclerotic lesions in diabetic ApoE2/2/

AMPK-a22/2 mice (Fig. 1A–D). We further determined

the effect of metformin on AMPK in these mice by eval-

uating the phosphorylation of AMPK at Thr-172. Met-

formin treatment increased the phosphorylation of

AMPK in ApoE2/2 mouse aortas but not in ApoE2/2/

AMPK-a22/2 mouse aortas (Fig. 1E).

We also measured whether metformin affects serum
lipid and glucose metabolism in STZ-induced dia-

betic mice (Supplementary Table 2). Diabetic ApoE2/2

and diabetic ApoE2/2/AMPK-a22/2 mice showed lower

body weights and higher blood glucose and serum cho-

lesterol levels than nondiabetic mice. However, there

was no difference in these metabolic parameters be-

tween mice with and without metformin treatment.

These results suggest that metformin may decrease
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diabetes-accelerated atherosclerosis in an AMPK-a2–

dependent manner.

Metformin Inhibits Mitochondrial-Derived Superoxide

Production and Oxidative Stress Under Diabetic

Conditions

Mitochondria-derived superoxide anions serve as the

major intracellular source of ROS in diabetes (33). Over-

production of ROS induces oxidative stress and organ

damage, which is a risk factor for atherosclerosis and

diabetic complications. We next determined whether
metformin reduces atherosclerosis by inhibiting mito-

chondrial ROS production and oxidative damage in di-

abetes. We measured mitochondrial superoxide anion

production in vivo by incubating freshly isolated aortas

with fluoroprobe MitoSOX Red using high-performance

liquid chromatography, which selectively targets to the

mitochondria and exhibits red fluorescence when oxi-

dized by mitochondrial superoxide. As expected, diabetic
aortas exhibited higher levels of mitochondria-derived

superoxide anions than control mouse aortas. Metfor-

min treatment almost completely inhibited the overpro-

duction of mitochondrial superoxide anions (Fig. 2A). In

addition, DHE staining, which is extensively used to

evaluate ROS production, verified that metformin signif-

icantly attenuated cellular ROS production in diabetic

mouse aortas (Fig. 2B and C).

We next examined whether metformin inhibits diabetes-

induced oxidative stress by detecting levels of 8-OHdG and

3-NT proteins in the aortas from the diabetic ApoE2/2 and

ApoE2/2/AMPK-a22/2 mice. Levels of 8-OHdG, a bio-

marker for oxidative DNA damage, were markedly elevated

in diabetic mouse aortas, especially in the aortic endothe-

lium. Metformin treatment significantly reduced 8-OHdG

levels in ApoE2/2 mice but not in ApoE2/2/AMPK-a22/2

mice (Fig. 2D and E). Similarly, levels of 3-NT, a marker of

oxidative damage by protein tyrosine nitration, were in-

creased in the aortas from diabetic ApoE2/2 mice. Metfor-

min significantly abrogated the increase in 3-NT protein

levels in the aortic endothelium of diabetic ApoE2/2 mice

but not ApoE2/2/AMPK-a22/2 mice (Fig. 2F and G).

Metformin Prevents Hyperglycemia-Induced

Mitochondrial Fragmentation

The disruption of mitochondrial dynamics and mitochon-

drial fragmentation increases mitochondrial ROS pro-
duction in diabetes (7). To determine whether metformin

inhibits mitochondrial ROS production by regulating mi-

tochondrial dynamics, electron microscopy was used to

observe mitochondrial morphology in the aortic endothe-

lium. In the nondiabetic mouse aortic endothelium, mito-

chondria showed a long filamentous morphology with

integrated double membranes and tight cristae. In con-

trast, most mitochondria became smaller and punctate

Figure 1—Metformin reduces atherosclerotic lesions in diabetic ApoE2/2 mice, but not in diabetic ApoE/AMPK-a22/2 mice. ApoE2/2 and

ApoE2/2/AMPK-a22/2 mice were induced with diabetes by STZ injection and treated with metformin (Met; 300 mg/kg/d) or vehicle (Veh) for

12 weeks (n = 8–10 per group). A: Representative images of Oil Red O staining of atherosclerotic lesions at the aortic sinus. B: Quantitative

analysis of atherosclerotic lesion size in the aortic root. C: Representative images of Sudan IV staining of atherosclerotic lesions at the

aortic arch. D: Quantitative analysis of the en face atherosclerotic lesion area in the aortic arch. *P < 0.05 vs. control mice (Con); #P < 0.05

vs. Veh. Phosphorylation of AMPK at Thr-172 (p-AMPK) (E ) and expression of total AMPK-a1 and AMPK-a2 in the aorta (F ) were was

determined by Western blotting. n = 4; *P < 0.05 vs. Veh; #P < 0.05 vs. WT.
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with significantly short in length in diabetic mouse aortic

endothelial cells (Fig. 3A and B). These were suggestive of

mitochondrial fragmentation. The mitochondrial frag-
mentation in diabetic mice was attenuated after correct-

ing hyperglycemia to normoglycemia by insulin injection,

indicating that hyperglycemia triggers mitochondrial frag-

mentation in diabetic mice. Moreover, administration of

metformin reduced diabetes-induced mitochondrial frag-

mentation (Fig. 3A and B) and increased mitochondrial

volume density (Supplementary Fig. 1), although it did

not reduce blood glucose levels (vehicle vs. metformin:
434 6 25 vs. 403 6 20 mg/dL) in diabetic mice.

We then investigated whether metformin inhibits

high glucose–induced mitochondrial fragmentation in

HUVECs by visualizing mitochondrial morphology with

MitoTracker Deep Red. In HUVECs cultured in normal

glucose medium, mitochondria mainly appeared as elon-

gated tubules with highly interconnecting networks. After

stimulation with high glucose, mitochondria became spher-
ical and shorter, and the number of mitochondria increased,

indicating mitochondrial fragmentation. Mitochondrial mor-

phology did not change in cells cultured in normal glucose

or osmotic control medium. Notably, metformin treatment

attenuated high glucose–induced mitochondrial fragmenta-

tion (Fig. 3C–E). Moreover, silencing AMPK-a2 expres-

sion with small interfering (si)RNA blocks the inhibitory

effect of metformin on mitochondrial fission in HUVECs

in response to high glucose (Fig. 3F–H and Supplementary

Fig. 2).

Metformin Inhibits High Glucose–Induced

Mitochondrial Fission by Reducing Drp-1 Expression

To gain insight into the mechanism by which metformin

inhibits mitochondrial fragmentation, we assessed the

expression of mitochondrial fission–related proteins, in-

cluding Drp1 and Fis1, mitochondrial fusion–related pro-

teins, including MFN2 and optic atrophy 1 (OPA1), and

regulators of mitochondrial biogenesis, including peroxi-
some proliferator–activated receptor g coactivator 1a (PGC-

1a) and mitochondrial transcription factor A (mtTFA), in

diabetic mouse aortas. Compared with nondiabetic mouse

aortas, diabetic mouse aortas exhibited higher levels of

Drp1. However, there were no significant differences in

the protein levels of Fis1, MFN2, and OPA1 between di-

abetic and nondiabetic mice. Normalization of blood glu-

cose by insulin injection mitigated diabetes-enhanced
Drp1 expression, suggesting that hyperglycemia plays an

essential role in the upregulation of Drp1 expression (Fig.

4A and Supplementary Fig. 4A). Furthermore, metformin

treatment reduced hyperglycemia-enhanced Drp1 expres-

sion but had no effect on the expression of Fis1, MFN2,

and OPA1 in mouse aortas (Fig. 4B and Supplementary Fig.

4B). Meanwhile, administration of metformin increased

PGC-1a and mtTFA protein expression in aortas from

Figure 2—Metformin inhibits mitochondrial ROS (mitoROS) production and oxidative stress. A–C: STZ-induced diabetic C57BL/6J WT

mice were treated with metformin (Met; 300 mg/kg/d) or vehicle (Veh) in drinking water for 4 weeks. A: Thoracic aortas were incubated in

Krebs buffer with 2 mmol/L MitoSOX Red for 30 min. Mitochondrial superoxide was measured by high-performance liquid chromatography

(n = 4). B: Frozen thoracic aortic sections were incubated with 5 mmol/L DHE for 30 min and analyzed using fluorescence microscopy. C:

Quantification of fluorescence intensity for ROS levels in the aorta (original magnification340). n = 4. *P< 0.05 vs. control (Con); #P< 0.05

vs. Veh. D–G: STZ-induced diabetic ApoE2/2 and ApoE2/2/AMPK-a22/2 mice were treated with metformin or vehicle for 12 weeks. D:

Representative images of the immunohistochemical staining of 8-OHdG on thoracic aortic sections (original magnification 340). E:

Quantification of 8-OHdG–positive endothelial cells (ECs). n = 6. *P < 0.05 vs. Con; #P < 0.05 vs. Veh. F: Representative images of

the immunohistochemical staining of 3-NT (original magnification 340). G: Quantification of positive staining for 3-NT in thoracic aortic

sections. n = 5. *P < 0.05 vs. Con; #P < 0.05 vs. Veh.
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both nondiabetic and diabetic mice (Supplementary Fig. 3).

Next, we detected Drp1 expression in aortas from diabetic

ApoE2/2 and ApoE2/2/AMPK-a22/2 mice by immunohis-

tochemistry. Diabetes increased Drp1 expression in the

ApoE2/2 aortic endothelium and induced a further in-

crease in Drp1 expression in the ApoE2/2/AMPK-a22/2

aortic endothelium. Metformin treatment reduced Drp1 ex-
pression in the aortic endothelium of diabetic ApoE2/2 mice

but did not affect Drp1 expression in the aortic endothelium

of diabetic ApoE2/2/AMPK-a22/2 mice (Fig. 4C and Sup-

plementary Fig. 4C).

We also investigated the effect of metformin on Drp1

expression in cultured HUVECs. Compared with normal

glucose and osmotic control treatments, high glucose

increased Drp1 expression without affecting Fis1, MFN2,
and OPA1 expression (Fig. 4D and Supplementary Fig.

4D). To study whether Mff participates in regulating mi-

tochondrial dynamics in endothelial cells, we detected its

expression in HUVECs, human VSMCs (HVSMCs), HeLa

cells, and human lung cancer cells (H1299). Large

amounts of Mff were expressed in HeLa and H1299 cells

but not in HUVECs and HVSMCs (Fig. 4E and Supplemen-

tary Fig. 4E). Metformin treatment reduced Drp1 protein

levels in total lysates (Fig. 4F and Supplementary Fig. 4F),

cytoplasmic fractions, and mitochondrial fractions (Fig.

4G and Supplementary Fig. 4G). We further examined

whether metformin regulates mitochondrial dynamics

by using time-lapse confocal imaging to evaluate the oc-

currence of mitochondrial fission in live HUVECs. Mito-

chondrial fission occurred at a higher frequency after high
glucose stimulation than after normal glucose treatment

(17 6 2 vs. 32 6 3 events/cell in 10 min). Importantly,

metformin inhibited high glucose–induced mitochondrial

fission (Fig. 4H and I).

AMPK Activation Reduces Drp1 Expression and

Mitochondrial Fragmentation

We further tested whether AMPK activation is required
for the metformin-induced inhibition of mitochondrial

fission. Diabetes inhibited AMPK phosphorylation and

acetyl-CoA carboxylase (ACC) phosphorylation in mouse

aortas, and the reduction in phosphorylation was pre-

vented by metformin treatment (Fig. 5A). Similar results

were observed in cultured HUVECs (Fig. 5B). To verify

these results using a genetic approach, we transfected

HUVECs with an adenovirus encoding the constitutively

Figure 3—Metformin diminishes hyperglycemia-induced mitochondrial fragmentation in endothelial cells. A and B: STZ-induced diabetic

WT mice were administrated with metformin (Met; 300 mg/kg/d) or vehicle (Veh) for 4 weeks or intraperitoneally injected with insulin (STZ+Ins,

0.5 units/kg, twice per day) for 14 days. A: Representative electron microscopic images of mitochondria in the aortic endothelium (original

magnification 325,000; scale bar = 500 nm). B: Quantification of mitochondrial length. n = 6 mice, at least 50 mitochondria per mice were

analyzed. *P< 0.05 vs. control (Con); #P < 0.05 vs. Veh. C–E: HUVECs were pretreated with 2 mmol/L metformin for 2 h and cultured in EBM

containing normal glucose (NG), 30 mmol/L D-glucose (high glucose [HG]), or 25 mmol/L mannitol plus 5 mmol/L D-glucose (osmotic control

[OC]) for 24 h. F–H: HUVECs were transfected with control siRNA (Ctr si) or AMPK-a2 siRNA (a2 si) for 48 h, then pretreated with 2 mmol/L

metformin for 2 h and cultured with high-glucose medium for 24 h. Mitochondria were labeled with MitoTracker Deep Red, and mitochondrial

morphology was analyzed using fluorescence microscopy. Mitochondrial volume and number were quantified, as described in the RESEARCH

DESIGN AND METHODS. n $ 100. *P < 0.05 vs. NG; #P < 0.05 vs Veh; &P < 0.05 vs. Ctr si.
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active form of AMPK (AMPK-CA), which increased the

phosphorylation of AMPK and ACC (Fig. 5C). Transfec-
tion with the AMPK-CA adenovirus also reduced Drp1

protein expression and mitochondrial fragmentation in

high glucose–treated HUVECs (Fig. 5D–F). To investigate

whether Drp1 is required for mitochondrial fission in

high glucose–treated endothelial cells, we transfected

HUVECs with Drp1 siRNA. Drp1 siRNA transfection sig-

nificantly reduced Drp1 protein expression in normal

glucose–and high glucose–treated HUVECs (Fig. 5G)
and reduced mitochondrial fragmentation in high glucose–

treated HUVECs (Fig. 5H–J). Overall, these data suggest

that metformin prevents mitochondrial fragmentation

via the AMPK-dependent downregulation of Drp1 pro-

tein expression.

Inhibition of Drp1 Attenuates Oxidative Stress

in Diabetes

Metformin inhibited Drp1-mediated mitochondrial fis-

sion and mitochondrial ROS production in diabetes;

however, whether increased mitochondrial fission causes

oxidative stress remains unclear. We therefore used the

Drp1 inhibitor, mdivi-1, and Drp1 siRNA to investigate

whether the inhibition of Drp1-mediated mitochondrial
fission reduces oxidative stress in vivo and in vitro.

Administration of mdivi-1 significantly attenuated mito-

chondrial fragmentation in aortic endothelial cells from

diabetic mice (Fig. 6A and B) and did not affect body

weight (mdivi-1 vs. DMSO: 20.4 6 0.5 g vs. 20.7 6 1.0 g)

and blood glucose (mdivi-1 vs. DMSO: 436 6 21 mg/dL

vs. 444 6 24 mg/dL). In addition, mdivi-1 markedly at-

tenuated ROS production (Fig. 6C) and reduced levels of
3-NT (Fig. 6D) and 8-OHdG (Fig. 6E) in aortas from di-

abetic mice. Gene silencing of Drp1 consistently reduced

mitochondrial-derived superoxide production in high

glucose–treated HUVECs (Fig. 6F and G).

Metformin and Mdivi-1 Prevent Endothelial

Dysfunction and Inflammation in Diabetes

Abnormal superoxide anion reduces NO bioavailability

and converts NO into peroxynitrite, which causes endo-

thelial dysfunction and endothelial inflammation, thereby

contributing to the development of atherosclerosis (34).

We first assessed Ach-mediated vasodilation in aortic

Figure 4—Metformin downregulates Drp1 expression and mitochondrial fission. STZ-induced diabetic WTmice were intraperitoneally injected

with 0.5 units/kg insulin (Ins) for 14 days (A) or administered metformin (Met; 300 mg/kg/d) in drinking water for 4 weeks (B). Mitochondrial

dynamics-related proteins, including Drp1, mitochondrial Fis1 protein, MFN2, and OPA1, in the aorta were analyzed by Western blotting. C:

Representative of immunohistochemical staining of Drp1 on thoracic aortic sections from diabetic ApoE2/2 and ApoE2/2/AMPK-a22/2 mice

treated with metformin. D: HUVECs were treated with normal glucose (NG), 30 mmol/L D-glucose (high glucose [HG]), or 25 mmol/L mannitol

plus 5 mmol/L D-glucose (osmotic control [OC]) for 24 h. Mitochondrial Drp1 protein expression was determined by Western blotting. E: Protein

levels of mitochondrial MFF in HUVECs, HVSMCs, HeLa cells, and H1299 cells. F–I: HUVECs were pretreated with 2 mmol/L metformin for 2 h,

followed by stimulation with high glucose for 24 h. F: Drp1 protein level was measured by Western blotting. G: Western blot analysis of Drp1

protein levels in cytoplasmic (Cyto) and mitochondrial (Mito) fractions. Cyclooxygenase (COX) IV and lactate dehydrogenase (LDH) were used

as mitochondrial and cytosolic markers, respectively. H: Mitochondrial morphology in live HUVECs stained with MitoTracker Deep Red FMwas

captured using time-lapse confocal microscopy. Images were collected at 1-min intervals for 10 min. I: Quantification of mitochondrial fission

events in live HUVECs. n = 15. *P < 0.05 vs. NG; #P < 0.05 vs. HG. Veh, vehicle.
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rings from STZ-induced diabetic mice treated with mdivi-1.

Compared with control aortic rings, diabetic aortic rings

exhibited an impairment in Ach-induced, endothelium-

dependent relaxation. Mdivi-1 treatment significantly

attenuated the impairment (Fig. 7A) without affecting

SNP-induced, endothelium-independent vasodilator re-
sponses (Fig. 7B). This suggests that inhibition of mito-

chondrial fission protects against endothelial dysfunction

in diabetes. Metformin treatment consistently attenu-

ated the impairment of Ach-induced relaxation with-

out affecting SNP-induced relaxation in diabetic mice

(Fig. 7C and D).

The expression of ICAM-1 and VCAM-1 was higher in

the aortic endothelium from diabetic mice than non-
diabetic control mice. Mdivi-1 treatment attenuated diabe-

tes-enhanced ICAM-1 and VCAM-1 expression in the aortic

endothelium (Fig. 7E and F). Moreover, metformin signifi-

cantly abrogated the increase in ICAM-1 and VCAM-1 levels

in the aortic endothelium of diabetic ApoE2/2 mice but not

ApoE2/2/AMPK-a22/2 mice (Fig. 7G and H). More im-

portantly, immunofluorescence staining showed that met-

formin reduced the expression of ICAM-1 and VCAM-1

in aortic atherosclerotic lesions from diabetic ApoE2/2

mice but not in lesions from diabetic ApoE2/2/AMPK-

a22/2 mice (Fig. 7I and J). This supports the concept

that metformin prevents mitochondrial fragmentation

and endothelial inflammation in an AMPK-dependent

manner.

Inhibition of Mitochondrial Fission Reduces

Atherosclerotic Lesions in Diabetes

Finally, we assessed the relationship between increased

mitochondrial fission and the progression of atheroscle-

rosis in diabetic ApoE2/2 mice intraperitoneally treated

with mdivi-1 (10 mg/kg twice per week, 8 weeks). Com-

pared with nondiabetic ApoE2/2 mice, diabetic ApoE2/2

mice had more atherosclerotic lesions. Most importantly,

mdivi-1 treatment significantly reduced the severity of

atherosclerotic lesions in the aortic root and aortic arch

in diabetic ApoE2/2 mice, but not in nondiabetic ApoE2/2

mice (Fig. 8A–D). Moreover, mdivi-1 did not significantly

change blood glucose, serum cholesterol, and serum tri-

glyceride levels in diabetic ApoE2/2 mice (Supplementary

Table 3).

Figure 5—AMPK activation inhibits Drp1-mediated mitochondrial fission. A: STZ-induced diabetic WT mice were treated with metformin

(Met; 300 mg/kg/d) for 4 weeks. Phosphorylation of AMPK (p-AMPK) at Thr-172 and phosphorylation of ACC (p-ACC) at Ser-79 in the aorta

were measured by Western blotting. B: HUVECs were pretreated with 2 mmol/L metformin for 2 h and then treated with normal glucose

(NG) or high glucose (HG) for 24 h. Phosphorylation of AMPK and ACC was measured by Western blotting. C–F: HUVECs were transfected

with adenovirus (Ad)-AMPK-CA or Ad-GFP for 24 h, after which they were treated with high glucose for 24 h. C: Drp1 expression, p-AMPK,

and p-ACC were measured by Western blotting. D: Representative images of mitochondrial morphology were captured at original mag-

nification340 . Mitochondrial volume (E) and number (F ) were analyzed, as described in the RESEARCHDESIGNANDMETHODS. n$ 100. *P< 0.05

vs. NG; #P < 0.05 vs. GFP. G–J: HUVECs were transfected with Drp1 siRNA (si) for 48 h and then stimulated with high glucose for 24 h. G:

Drp1 expression was measured by Western blotting. H: Representative images of mitochondrial morphology were captured at original

magnification 340. Mitochondrial volume (I) and number (J) were analyzed as described in the RESEARCH DESIGN AND METHODS. n $ 100. *P <

0.05 vs. NG; #P < 0.05 vs. control siRNA. OC, osmotic control; Veh, vehicle.
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DISCUSSION

In this study, we uncover a novel mechanism by which

metformin inhibits the development of atherosclerosis in

diabetes. Using STZ-induced diabetic ApoE2/2 mice, we

demonstrate that metformin reduced Drp1 expression

and Drp1-mediated mitochondrial fission in diabetic

endothelial cells via an AMPK-dependent manner. The
suppression of mitochondrial fission resulted in the in-

hibition of endothelial oxidative stress, improvement of

endothelial function, and reduction in atherosclerotic

lesions. In addition, administration of mdivi-1, a mito-

chondrial fission inhibitor, protected against atheroscle-

rosis, reduced mitochondrial ROS production, inhibited

vascular inflammation, and improved endothelial func-

tion. Our data demonstrate that metformin prevents
the development of atherosclerosis by inhibiting Drp1-

dependent mitochondrial fission.

Mitochondria are highly dynamic organelles that are

intimately involved in various cellular functions, including

energy metabolism, ROS production, stress response, and

cell death (35,36). Accumulating evidence suggests that

mitochondrial oxidative damage has a causative role in the

pathogenesis of atherosclerosis. For instance, dysfunction in

the mitochondrial ETC complex increases mitochondrial oxi-
dative stress and promotes the development of atheroscle-

rosis in paraoxonase22/2/ApoE2/2 mice (37). Conversely,

overexpression of the mitochondrial thioredoxin gene in-

hibits mitochondrial oxidative stress and reduces atheroscle-

rotic lesion formation in ApoE2/2 mice (4). In diabetes,

hyperglycemia is well documented to disrupt the balance

between mitochondrial fusion and fission, leading to an

increase in smaller individual mitochondrion (9) that are

prone to producing excessive ROS. In the current study,

we provide compelling evidence showing that increased

Drp1 protein and mitochondrial fragmentations occurred

in aortic endothelial cells during diabetes-accelerated ath-

erosclerosis. Administration of the Drp1 inhibitor, mdivi-1,

dramatically reduced atherosclerotic lesion formation in

STZ-induced diabetic ApoE2/2 mice. Meanwhile, mdivi-1

suppressed mitochondrial ROS production and cellular

oxidative stress. Therefore, our results suggest that in-

creased mitochondrial fragmentation may accelerate ath-

erosclerosis in diabetes. Overall, our study develops a new

concept that mitochondrial fission contributes to athero-

genesis in diabetes, partly by enhancing mitochondrial

oxidative stress.

Figure 6—Inhibition of mitochondrial fission attenuates oxidative stress in diabetic aorta. A–F: STZ-induced diabetic mice were treated with

mdivi-1 (1.2 mg/kg/d) or vehicle (DMSO) using an osmotic pump for 14 days. A: Representative transmission electron micrographs of

mitochondria in the aortic endothelium. Scale bars = 300 nm. B: Quantification of average mitochondrial length. n = 6 mice, at least

50 mitochondria per mice were analyzed. *P < 0.05 vs. control mice; #P < 0.05 vs. DMSO. C: Frozen sections of aortas were incubated

with 5 mmol/L DHE for 30 min. Images were obtained at 518 nm (excitation) and 605 nm (emission). n = 5. D: Representative images of

immunohistochemical staining and quantification of positive staining for 3-NT in thoracic aortic sections. n = 5. *P < 0.05 vs. control; #P <

0.05 vs. vehicle. E: Representative images of immunohistochemical staining for 8-OHdG in aortas. Quantification of 8-OHdG–positive

endothelial cells (ECs). n = 5 mice. *P < 0.05 vs. control mice; #P < 0.05 vs. DMSO. F and G: HUVECs were transfected with Drp1 siRNA

(si) or control siRNA for 24 h, after which they were treated with high glucose (HG) for 24 h. Mitochondrial ROS production was measured by

incubating HUVECs with 2 mmol/L MitoSOX for 30 min. F: Representative fluorescence images are shown. G: Quantification of fluores-

cence intensity for mitochondrial ROS levels in HUVECs. n = 6. *P < 0.05 vs. normal glucose (NG); #P < 0.05 vs. control siRNA.

diabetes.diabetesjournals.org Wang and Associates 201

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/6

6
/1

/1
9
3
/4

1
9
3
0
3
/d

b
1
6
0
9
1
5
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u

s
t 2

0
2
2



Figure 7—Inhibition of mitochondrial fission attenuates endothelial dysfunction in diabetic mice. A and B: STZ-induced diabetic mice were

treated with mdivi-1 (1.2 mg/kg/d) or vehicle (DMSO) for 14 days. C and D: STZ-induced diabetic mice were treated with metformin (Met;

300 mg/kg/d) for 4 weeks. Aortic rings were contracted with U46619 (30 nmol/L). Endothelium-dependent vasodilator responses were

measured in the presence of Ach (1029 to 1025 mol/L). Endothelium-independent vasodilator responses were measured in the presence of

SNP (10210 to 1026 mol/L). n = 6–8. *P< 0.05 vs. control; #P< 0.05 vs. STZ. Immunohistochemical staining for ICAM-1 (E) and VCAM-1 (F )

in aortas from mdivi-1–treated diabetic mice. G and H: Immunohistochemical staining and quantification of positive staining for ICAM-1 and

VCAM-1 in aortas from diabetic ApoE2/2 and ApoE2/2/AMPK-a22/2 mice treated with metformin or vehicle (Veh). n = 5; *P < 0.05 vs.

control, #P < 0.05 vs. Veh. I and J: Immunofluorescence staining for ICAM-1 and VCAM-1 in atherosclerotic lesions of diabetic ApoE2/2

and ApoE2/2/AMPK-a22/2 mice treated with metformin or vehicle. n = 4. *P < 0.05 vs. Veh.
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Another group also showed that metformin prevents

ROS-mediated mitochondrial fission via AMPK activation

in HUVECs (15). To support this conclusion, we found that

the activation of AMPK by metformin reduced Drp1 ex-

pression and mitochondrial fragmentations in diabetic aor-

tic endothelial cells. Similar to the antiatherosclerotic effect
of mdivi-1, metformin inhibits accelerated atherosclerotic

lesion formation in diabetic ApoE2/2 mice. However, met-

formin could not reduce the hyperglycemia-accelerated de-

velopment of atherosclerosis in ApoE2/2/AMPK-a22/2

mice, suggesting that its antiatherosclerotic effect may be

attributed to the action of AMPK on mitochondrial dynam-

ics. However, the effects of metformin on mitochondria

activities might be multiple, well beyond its regulation on
mitochondrial dynamics. For example, we found that met-

formin enhanced the expression of PGC-1a and mtTFA

protein, the regulators of mitochondrial biogenesis. Simi-

larly, Nishikawa and colleagues (38,39) demonstrated that

AMPK activation by metformin and thiazolidinediones pro-

motes mitochondrial biogenesis and reduces hyperglyce-

mia-induced mitochondrial ROS production in cultured

endothelial cells. Therefore, mitochondrial dynamics and
mitochondrial biogenesis might both be potential contrib-

utors in the metformin-mediated mitochondrial adap-

tations. In addition, metformin attenuates the high-fat

diet– or angiotensin II–induced formation of atheromatous

plaques by downregulating the angiotensin II receptor and

reducing monocyte-to-macrophage differentiation (40,41).

Clinical trials have demonstrated that metformin reduces

cardiovascular complications, including atherosclerosis and

myocardial infarction, in patients with diabetes. The UK

Prospective Diabetes study reported that metformin ad-

ministration significantly reduced the progression of com-

mon carotid intima-media thickness in patients with T2DM

(17). Zhang et al. (18) further confirmed the antiatheroscler-

otic effect of metformin in 140 patients with T2DM in
China. The present work indicates that metformin-inhibited

mitochondrial fission may be a novel mechanism underlying

its antiatherosclerotic effect in diabetes.

Drp1 is a cytosolic guanosine-5’-triphosphate–hydro-

lyzing mechanoenzyme that triggers mitochondrial divi-

sion by binding to Fis1 or Mff on mitochondria in

mammalian cells. The regulation of Drp1 properties,

such as protein expression, mitochondrial translocation,
and posttranscriptional modification, might be important

for the modulation of Drp1 function. Previous studies

have shown that high glucose increases Drp1 protein ex-

pression in endothelial cells, glomerular mesangial cells

(42), hippocampal neurons (43), and pancreatic b-cells

(44). In this study, we demonstrate that the activation

of AMPK by metformin reduced Drp1 expression and

inhibited Drp1-mediated mitochondrial fission. Consis-
tently, metformin has been shown to inhibit mitochon-

drial fission and reduce endothelial cell apoptosis via

the downregulation of Drp1 expression in high glucose–

stimulated endothelial cells (15). Furthermore, overexpres-

sion of constitutively active AMPK reduced Drp1 expression

and mitochondrial fragmentations. In contrast, AMPK-

a2 deficiency blocks the inhibitory effect of metformin

on mitochondrial fission in response to high glucose,

Figure 8—Inhibition of mitochondrial fission attenuates hyperglycemia-accelerated atherosclerosis. ApoE2/2 mice were induced with

diabetes by STZ injection and treated with mdivi-1 (10 mg/kg, twice per week) or vehicle (DMSO) for 8 weeks. A: Representative images

of Oil Red O staining of atherosclerotic lesions at the aortic sinus. B: Quantitative analysis of atherosclerotic lesion size in the aortic root. C:

Representative images of Sudan IV staining of atherosclerotic lesions at the aortic arch. D: Quantitative analysis of en face atherosclerotic

lesion areas in the aortic arch. n = 10. *P < 0.05 vs. control; #P < 0.05 vs. DMSO.
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suggesting that AMPK-a2 is required for the inhibitory
effect of metformin on mitochondrial fission. Interesting,

AMPK-a1 is the major isoform in endothelial cells (45);

however, AMPK-a1 and AMPK-a2 are both essential in

maintaining endothelial function. For example, activation

of AMPK-a1 or AMPK-a2 can improve endothelial func-

tion via directly phosphorylating eNOS at Ser1177 and

Ser635 (46,47). Therefore, whether AMPK-a1 is in-

volved in these processes requires additional investigation.
AMPK is a well-known autophagy activator that can acti-

vate the mammalian target of rapamycin and Unc-51–like

autophagy activating kinase 1 pathways (48). Our labora-

tory and others have identified that Drp1 can be degraded

via the autophagy-lysosome pathway (49). It is possible

that metformin may reduce Drp1 expression by enhanc-

ing the autophagy-dependent degradation of Drp1. In ad-

dition to regulating Drp1 protein expression, AMPK
directly phosphorylates Drp1 at Ser-637, thus inhibiting

Drp1 activity and preventing its translocation to mitochon-

dria in diabetic mouse adipose tissues and in palmitate-

induced INS-1E b-cells (19,21). In the current study,

metformin reduced Drp1 protein levels in both cytoplasmic

and mitochondrial fractions, suggesting that metformin

regulates mitochondrial fission by reducing Drp1 expres-

sion and inhibiting its activity. Toyama et al. (50) re-
cently reported that AICAR induces mitochondrial fission

by phosphorylating Mff at Ser-172 in human U2OS oste-

osarcoma cells. In the current study, Mff was rarely

expressed in HUVECs and HVSMCs. Consistently, the

Human Protein Atlas Program reported a very low expres-

sion of Mff protein in endothelial cells in human colon

and cerebral cortex tissues (http://www.proteinatlas.org/

ENSG00000168958-MFF/tissue/primary+data). These re-
sults partially explain the controversial effects of AMPK

activation on mitochondrial dynamics in endothelial cells

and cancer cells.

The increased production of ROS is a key event in the

pathogenesis of endothelial dysfunction, because ROS

reduces NO bioavailability by reacting with NO to form

peroxynitrite. In the current study, inhibition of mito-

chondrial fission by mdivi-1 or metformin improved
endothelium-dependent relaxation. Similarly, Drp1 siRNA

enhances NO bioavailability and cyclic guanosine mono-

phosphate production in venous endothelial cells isolated

from patients with diabetes (9). These results suggest that

the enhancement in mitochondrial fission increases ROS

production and impairs endothelial function. Moreover,

pharmacological activation of AMPK by metformin, salic-

ylate, and AICAR reduces mitochondrial fission, accom-
panied by enhanced eNOS phosphorylation and improved

endothelium-dependent vasodilation (20). Emerging evidence

indicates that other redox pathways, such as NADPH oxidases

(Nox) and eNOS uncoupling, are involved in endothelial

dysfunction and the development of atherosclerosis in

diabetes. Genetic deletion and pharmacological inhibi-

tion of Nox1 decreases atherosclerotic lesion formation

in STZ-injected diabetic ApoE2/2 mice (51). In addition,

eNOS activation protects against diabetes-accelerated
atherosclerosis in STZ-injected diabetic ApoE2/2 mice

(52). Therefore, whether enhanced mitochondrial fission

triggers other ROS sources, such as Nox1, Nox2, Nox4,

and eNOS uncoupling, requires further examination.

The current study has some limitations. First, our exper-

iments were exclusively done in STZ-made insulin-deficient

type 1 diabetic mice. Whether the present findings can

be applied to insulin-resistance T2DM warrants further
investigation. The second limitation is that all experi-

ments were done in global AMPK-a2–/–mice. The effects

of endothelial cell-specific AMPK-a2 or AMPK-a2 dele-

tion will be very useful in defining the relative contri-

butions of endothelial cell AMPK-a1 or AMPK-a2 to

atherosclerosis.

In conclusion, diabetes accelerated atherosclerosis by

triggering Drp1-mediated mitochondrial fission. Activa-
tion of AMPK by metformin reduced Drp1 expression,

mitochondrial fragmentation, and atherosclerotic le-

sions in diabetes. These findings identified mitochon-

drial fission as a target for treating atherosclerosis and

other vascular disorders in diabetes.
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