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Diabetes-induced oxidative stress is one of the major
contributors to dysfunction of endothelial progenitor cells
(EPCs) and impaired endothelial regeneration. Thus, we
testedwhether increasing antioxidant proteinmetallothio-
nein (MT) in EPCs promotes angiogenesis in a hind limb
ischemia (HLI) model in endothelial MT transgenic (JTMT)
mice with high-fat diet– and streptozocin-induced diabe-
tes. Compared with littermate wild-type (WT) diabetic
mice, JTMT diabetic mice had improved blood flow re-
covery and angiogenesis after HLI. Similarly, transplanta-
tion of JTMT bone marrow–derived mononuclear cells
(BM-MNCs) stimulated greater blood flow recovery in
db/dbmicewithHLI thandidWTBM-MNCs. The improved
recovery was associated with augmented EPC mobiliza-
tion and angiogenic function. Further, cultured EPCs from
patients with diabetes exhibited decreased MT expres-
sion, increased cell apoptosis, and impaired tube for-
mation, while cultured JTMT EPCs had enhanced cell
survival, migration, and tube formation in hypoxic/hyper-
glycemic conditions compared with WT EPCs. Mechanis-
tically, MT overexpression enhanced hypoxia-inducible

factor 1a (HIF-1a), stromal cell–derived factor (SDF-1),
and vascular endothelial growth factor (VEGF) expression
and reduced oxidative stress in ischemic tissues. MT’s
pro-EPC effects were abrogated by siRNA knockdown
of HIF-1a without affecting its antioxidant action. These
results indicate that endothelial MT overexpression is suf-
ficient to protect against diabetes-induced impairment
of angiogenesis by promoting EPC function, most likely
through upregulation of HIF-1a/SDF-1/VEGF signaling and
reducing oxidative stress.

Diabetes has attained global pandemic status with .415
million patients and with an estimated 193 million people
living with undiagnosed diabetes worldwide (1). Type 2
diabetes (T2D) accounts for .90% of patients with di-
abetes and leads to microvascular and macrovascular
complications that cause profound psychological and phys-
ical distress (1). For example, critical limb ischemia is the
underlying cause of tissue loss in patients with peripheral
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artery disease (PAD), and PAD accounts for the high rate
of limb amputation in patients with T2D. Thus, a better
understanding of diabetic PAD may spur more specific
and tailored management of patients with T2D. Defective
endothelial regeneration impairs neovascularization and
likely contributes to the pathophysiological changes that
lead to vascular complications of PAD (2). Yet, specific
therapeutic interventions aimed at accelerating repair of
dysfunctional endothelium and restoring limb blood flow
in patients with T2D remain to be established.

Endothelial progenitor cells (EPCs) participate in angio-
genesis in vivo and have the ability to differentiate into
endothelial cells in vitro as first described by Asahara et al. (3)
in 1997. Accumulated evidence shows that EPCs play a vital
role in vascular repair through increased mobilization, mi-
gration, homing, differentiation, and enhanced neovascular-
ization of ischemic/hypoxic areas (4). Furthermore, EPC
mobilization by low-energy shock waves or transplantation of
functional EPCs appears to be a potential therapeutic
strategy developed in murine models of diabetic ischemia
(5,6). Nonetheless, the underlying mechanisms of dysfunc-
tion of resident EPCs as impaired in diabetes remains
unresolved, and thus, there is a critical need to better
understand EPCs in diabetic conditions to improve EPC
therapeutic application in PAD of patients with T2D.

Metallothionein (MT) is a cysteine-rich protein that binds
metals such as zinc (Zn). As a potent antioxidant, MT is
highly efficient in scavenging or quenching various reactive
oxygen species (ROS) that play critical roles in the onset and
development of diabetes and diabetic complications (7). The
importance of MT in diabetic complications has been dem-
onstrated in previous studies in MT transgenic mice. For
example, mice with cardiac-specific MT overexpression are
resistant to diabetes-induced cardiac oxidative stress, insulin
resistance, metabolic disorder, cardiomyocyte cell death,
pathological remodeling, and the development of diabetic
cardiomyopathy (8–11). Likewise, mice with podocyte-
specific overexpression of MT are resistant to the devel-
opment of diabetic nephropathy by decreasing oxidative
damage in podocytes of OVE26 diabetic mice (12). Re-
cently, we demonstrate that mice with endothelium MT
overexpression (JTMT) are significantly protected against
diabetic nephropathy in OVE26 diabetic mice (13). However,
the role of MT in the regulation of EPC function and of
endothelial repair in diabetes is unclear. Thus, the objectives
of the current study were 1) to test whether endotheliumMT
overexpression in mice is sufficient to prevent diabetes-
induced impairment in ischemia angiogenesis in vivo and 2) to
delineate the molecular basis whereby MT promotes endo-
thelial repair capacity (e.g., oxidative stress, EPC survival,
migration, tube formation) in mice under diabetic conditions.

RESEARCH DESIGN AND METHODS

Human Subjects and Peripheral Blood EPC Isolation
and Culture
Patients with T2D (n 5 6) were recruited from the First
Affiliated Hospital of Chengdu Medical College. Healthy

individuals (n 5 6) admitted to the same hospital for
preventive examinations were enrolled as control subjects.
Written informed consent was obtained from all study
participants. The baseline characteristics are shown in Sup-
plementary Table 1. The study protocol was approved by
the research ethics committee of the First Affiliated Hos-
pital of Chengdu Medical College.

Human EPCs were isolated and cultured as detailed
previously (14). Blood samples (20 mL) were mixed with
1 mL heparin (Sigma-Aldrich, St. Louis, MO), and mono-
nuclear cells (MNCs) were isolated by density gradient cen-
trifugation using Histopaque-1077 (Sigma-Aldrich) within
2 h of sampling. MNCs were suspended in endothelial
growth factor–supplemented media (EGM-2 Bullet Kit;
Lonza, Basel, Switzerland) with 10% FBS (Gibco, Carlsbad,
CA) and seeded into six-well plates precoated with 50 mg/
mL fibronectin (Sigma-Aldrich). Cells were maintained at
37°C with 5% CO2 in a humidified incubator. After 3 days
of incubation, dead cells were washed away with PBS, and
new medium was added. Medium was changed daily for
7 days and then every 3 days. After 2 weeks of culture, late
EPCs were harvested for the following experiments.

Animal Models, Hind Limb Ischemia, and Cell Therapy
All the protocols described below were approved by the
institutional animal care and use committee of the Uni-
versity of Louisville. JTMT mice were designed to over-
express human MTII gene specifically and ubiquitously in
endothelial cells driven by murine Tie-2 promoter (13).
JTMT mice were obtained by breeding JTMT heterozy-
gotes with FVB wild-type (WT) mice. Age- and sex-matched
littermate WT mice were used as controls. The db/db mice
with FVB background [FVB.BKS(D)-Leprdb/1/ChuaJ] were
purchased from The Jackson Laboratory (Bar Harbor, ME)
andmaintained under specific pathogen–free conditions at
the University of Louisville animal facility. The db/db mice
were generated by breeding heterozygous male and female
(db/1 3 db/1) mice following The Jackson Laboratory’s
instructions.

The T2Dmouse model was created by high-fat-diet (HFD)
feeding and streptozotocin (STZ) induction in JTMT andWT
control mice as described in our previous report (15). In
this model, STZ damages pancreatic b-cells, which pre-
vents the usual hyperinsulinemia response to HFD-
induced insulin resistance to mimic late-stage T2D (16).
As illustrated in Supplementary Fig. 1, male mice at age 8–
10 weeks were fed an HFD (12492, 60% kcal from fat;
Research Diets) or a normal diet (ND) (12450B, 10% kcal
from fat; Research Diets) for 23 weeks. Body weight was
monitored every week (Supplementary Fig. 1B), and blood
glucose levels were monitored every other week (Supple-
mentary Fig. 1C). After 8 weeks on HFD, intraperitoneal
glucose tolerance test was performed to confirm glucose
intolerance status (Supplementary Fig. 1D and E). After
15 weeks on HFD, mice with glucose intolerance were
injected with a single dose of STZ (100 mg/kg) (Sigma) in
0.1 mol/L sodium citrate buffer (pH 4.5) to induce insulin
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deficiency and hyperglycemia. Seven days after the injec-
tion of STZ, mice with blood glucose levels $250 mg/dL
were considered diabetic (Supplementary Fig. 1C). Mice fed
an NDwere injected with a single dose of 0.1 mol/L sodium
citrate buffer (pH 4.5) as controls.

JTMT and WT mice at 4 weeks after T2D induction and
db/db T2Dmice at the age of 8–10 weeks were used in hind
limb ischemia (HLI) experiments as reported in our pre-
vious studies (6,17). Briefly, under isoflurane anesthesia
(1–3% isoflurane in 100% oxygen at a flow rate of 1 L/min),
the right hind limbs were shaved and the entire right
superficial femoral artery and vein (from just below the
deep femoral arteries to the popliteal artery and vein) were
ligated with 6-0 silk sutures, cut, and excised with an
electric coagulator, and the skin was closed with 4-0 silk
sutures. Real-time microcirculation imaging analysis was
performed using a PeriCam perfusion speckle imager (PSI)
(Perimed) to evaluate the foot pad blood perfusion ratio
(ischemic limb [right]/normal limb [left]) at days 0, 3, 7,
14, 21, and 28 postsurgery. Mice then were euthanized,
and HLI gastrocnemius and soleus muscles were collected
for analysis of capillary density by staining with anti-CD31
antibody (Thermo Fisher Scientific). Some WT and JTMT
mice were euthanized at day 3 and db/db mice at day 7 after
HLI surgery according to our previous study (17) to document
early changes in angiogenic signaling and EPCmobilization by
staining peripheral blood with phycoerythrin-conjugated
anti-mouse CD34 and allophycocyanin-conjugated anti-
mouse vascular endothelial growth factor (VEGF) receptor
(VEGFR) 2 (BioLegend) antibodies.

For cell therapy in db/db mice, 2.5 3 106 mouse bone
marrow (BM)–derived MNCs were isolated from WT or
JTMT mice (male, 8–10 weeks old). Then 2.5 3 106

BM-MNCs in 200 mL PBS were infused into db/db mice
through the tail vein within 1 h after HLI. The same
volume of suspension medium PBS was used as a vehicle
control.

BM-EPC Isolation, Culture, Hypoxia Plus High-Glucose
Treatment, and siRNA Transfection
EPCs were isolated from BM of WT and JTMT mice using
density gradient centrifugation according to our previous
studies (6). Cells were maintained in basal endothelial cell
growth medium (PromoCell) supplemented with 10% FBS
and growth supplement from bovine neural tissue (Sigma-
Aldrich) at 37°C with 5% CO2 in a humidified incubator for
7 days; these cells were defined as early EPCs (6).

For in vitro mechanistic study, EPCs were cultured un-
der hypoxic with high-glucose (HG) conditions to mimic
diabetic ischemia. Briefly, EPCs were treated with either
HG (25 mmol/L) or equivalent mannitol (osmotic con-
trol) and then placed in a tightly sealed hypoxia chamber
(Billups-Rothenberg, Inc.) containing low oxygen gas (1%
O2-5% CO2-balance N2) as previously reported (18). The
hypoxia chamber was refilled with 1%O2-5% CO2 gas every
3 h to ensure hypoxia conditions during culture, and EPCs
were treated for 24 h before harvest.

To knock down hypoxia-inducible factor 1a (HIF-1a)
expression in early EPCs from JTMT mice, siRNAs against
mouse HIF-1a or a Silencer Select Negative Control (Sigma-
Aldrich) were transfected into EPCs using Lipofectamine
2000 (Thermo Fisher Scientific). The siRNA efficiency
against HIF-1a was optimized in a preliminary study us-
ing two different siRNA sequences (Supplementary Fig. 2).
Forty-eight hours after transfection, the level of HIF-1a
and signal of stromal cell–derived factor 1 (SDF-1), VEGF,
protein kinase B (Akt), phospho-Akt (p-Akt), 3-nitrotyrosine
(3-NT), and 4-hydroxynonenal (4-HNE) were detected by
Western blot. EPC functions, including tube formation,
migration, and apoptosis, were examined as described
below.

Tube Formation, Transendothelial Migration,
Apoptosis, and Oxidative Stress Assays
Tube formation assay was used to measure the angiogenic
capability, and transwell assay was used to evaluate the
transendothelial migration (TEM) ability of EPCs accord-
ing to our previous studies (6). Flow cytometry (Accuri C6
Plus; BD Biosciences) was used for EPC apoptotic detec-
tion with allophycocyanin-conjugated annexin V and pro-
pidium iodide (PI) staining as described previously (6).
Early apoptotic cells were defined as annexin V1/PI2.
Dihydroethidium (DHE) (Molecular Probes) staining was
used to detect ROS levels in frozen sections and in cultured
EPCs according to previous description (6). Nuclear DHE-
positive staining indicates superoxide generation in cells.
The fluorescence intensity was captured by microscopy
(DP74; Olympus) and analyzed using Image J software.

Western Blot and ELISA
As previous described (6), gastrocnemius muscle and/or
soleus muscle tissues and harvested EPCs were homog-
enized or lysed in ice-cold radioimmunoprecipitation
lysis buffer (Santa Cruz Biotechnology). Total proteins
were extracted and separated by 10% SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad). The
membranes were probed with the primary antibodies
against 3-NT, 4-HNE, HIF-1a, b-actin, Akt, and p-Akt
(serine 473), SDF-1, and VEGF overnight and then fur-
ther probed with appropriate horseradish peroxidase–
conjugated secondary antibodies. Blots were visualized
with SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Fisher Scientific) and quantified with
Quantity 5.2 software (Bio-Rad). Plasma SDF-1 and
VEGF concentration were tested using Quantikine ELISA
Kit (R&D Systems) according to the manufacturer’s
protocol.

Statistical Analysis
All data are presented as mean 6 SD. Statistical analysis
was performed using GraphPad Prism 5.0 software. One-
way or two-way ANOVA was used where appropriate fol-
lowed by post hoc Tukey multiple comparison test. Statistical
significance was considered as P , 0.05.
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Data and Resource Availability
The data sets generated or analyzed during this study are
included here in the published article. The original data
sets and JTMT mice analyzed during this study will be
available to the research community upon reasonable
request.

RESULTS

JTMT Mice Exhibit Improved Blood Perfusion and
Ischemic Angiogenesis in Diabetic HLI
The T2D model was established by HFD/STZ induction
(Supplementary Fig. 1). Both WT and JTMT mice on HFD
for 8 weeks were obese and glucose intolerant as reflected
by significantly increased body weight (Supplementary Fig.
1B) and impaired intraperitoneal glucose tolerance test
(Supplementary Fig. 1D and E) yet without significant
changes in fed blood glucose levels (Supplementary Fig.
1C) compared with the mice on ND. After induction with
a single dose of STZ, all mice on HFD were hyperglycemic
(Supplementary Fig. 1C). No significant differences were
observed in body weight, blood glucose levels, and glucose
tolerance between WT and JTMT mice with or without
diabetes (Supplementary Fig. 1B–E).

To determine whether endothelial MT overexpression
was protective against diabetic ischemia, HLI was induced
by femoral artery ligation (Supplementary Fig. 1). Blood
perfusion of the hind limb footpad was evaluated by a PSI
on days 3, 7, 14, 21, and 28 after surgery. The results
showed that diabetes impaired hind limb blood perfusion
recovery in both WT and JTMT mice in a time-dependent
manner (Fig. 1A and B). However, MT endothelial over-
expression in JTMT mice promoted greater flow recovery
at days 7–28 after HLI surgery compared with diabetic WT
mice, although statistical differences in blood flow levels
were only observed at days 21 and 28 (Fig. 1A and B).
JTMT mice with or without diabetes also had increased
capillary density in both gastrocnemius and soleus mus-
cles measured 28 days after HLI compared with diabetic
WT mice (Fig. 1C–E). Thus, endothelial MT overexpression
promoted blood flow recovery despite not altering systemic
diabetes, indicating a selective augmentation of ischemic
angiogenesis.

Endothelial MT Overexpression Preserves EPC
Mobilization and Homing and Alleviates Oxidative
Stress in Diabetic HLI
Because EPCs are important contributors in ischemic an-
giogenesis (6), we quantified the circulating number of
EPCs by flow cytometry using two cell surface markers,
CD341/VEGFR21, at day 3 after HLI surgery. The results
demonstrate that following HLI surgery, diabetes in WT
mice reduced EPC mobilization compared with healthy WT
controls and that EPC mobilization in diabetes was better
preserved in diabetic JTMT mice compared with diabetic
WT mice; however, JTMT did not significantly alter EPC
mobilization in mice without diabetes (Fig. 2A and B).
Mobilization and homing of EPCs to ischemic sites are key

steps in ischemic angiogenesis (6). Homing EPCs (CD341/
VEGFR21) in ischemic skeletal muscle were significantly
reduced in diabetic WT mice yet preserved in healthy and
diabetic JTMT transgenic mice (Fig. 2C and D).

SDF-1 and VEGF are major proangiogenic factors that
promote endothelial repair by mobilizing and recruiting
EPCs from BM to injured tissues (6,17). Thus, we tested
the hypothesis that enhanced EPC mobilization and in-
filtration in JTMT transgenic mice resulted from induction
of SDF-1 and VEGF. In partial confirmation, blood levels of
SDF-1 (Fig. 2E) and VEGF (Fig. 2F) after HLI were ele-
vated in control JTMT transgenic mice compared with WT
controls. However, no differences were observed in blood
levels of SDF-1 and VEGF as a result of diabetes in either
WT or JTMT transgenic mice. In contrast, diabetes led to
a significant reduction of SDF-1 (Fig. 2G and H) and VEGF
(Fig. 2G and I) expression in ischemic muscle of WT mice.
However, SDF-1 (Fig. 2G and H) and VEGF (Fig. 2G and I)
expression in ischemic muscle of JTMT transgenic mice
were preserved in diabetes and significantly higher than
levels in WT diabetic mice. SDF-1– and VEGF-mediated
activation of Akt plays a critical role in ischemic angio-
genesis in vivo and EPC function in vitro (6,19). Consistent
with the changes of SDF-1 and VEGF expression in ische-
mic muscle, phosphorylation status (activation) of Akt was
reduced in WT diabetic mice, but preserved in diabetic
JTMT transgenic mice (Fig. 2G and J). HIF-1a is consid-
ered a central oxygen sensor in eukaryotic cells (20) that
orchestrates ischemic angiogenesis through transcription
regulation of several proangiogenic factors, including SDF-
1 and VEGF (21,22). Thus, we tested whether augmented
levels of SDF-1 and VEGF and Akt signaling was paralleled
by preservation of HIF-1a expression. Supporting this idea,
diabetes markedly reduced HIF-1a expression in WT mice,
whereas HIF-1a expression was preserved in diabetic JTMT
transgenic mice (Fig. 2G and K). However, these changes
were not observed in the contralateral (nonischemic) gas-
trocnemius muscles between WT and JTMT mice with or
without diabetes (Supplementary Fig. 3). Together, these
findings indicate that the improved angiogenesis and blood
perfusion in JTMT transgenic mice was a likely consequence
of MT preserving HIF-1a, SDF-1, VEGF, and Akt signaling
and EPC mobilization and homing in diabetic HLI.

Oxidative stress plays a causal role in diabetes-induced
impairment of EPC mobilization, homing, and ischemic
angiogenesis (6,23), so we assessed whether endothelial
MT overexpression prevented diabetes-induced oxidative
stress in ischemic muscle. The results show that diabetes
increased superoxide production in ischemic tissue in WT
mice, as measured by DHE staining, and this effect of
diabetes was completely prevented by endothelial MT
overexpression in diabetic JTMT mice (Fig. 2L and M).
Furthermore, using 3-NT (Supplementary Fig. 4A) and
4-HNE (Supplementary Fig. 4B) as oxidative damage
markers, we obtained similar results: MT overexpression
completely prevented diabetes-induced elevation of 3-NT
and 4-HNE levels compared with WT mice with diabetes.
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These findings imply that endothelial cell MT overexpres-
sion preserves EPC mobilization and homing in part at-
tributable to MT alleviation of diabetes-induced ischemic
oxidative stress in diabetic HLI.

MT-Overexpressing BM-MNC Transplantation
Improves Blood Perfusion and Ischemic Angiogenesis
in Diabetic HLI
To test whether MT endothelium overexpression in EPCs
enhances ischemic angiogenesis and blood perfusion in
diabetes, we performed transplantation of BM-MNCs into
db/db mice with HLI. BM-MNCs were used because they
contain all the EPCs, and fresh BM-MNCs (albeit a mix of
leukocytes and stem cells) avoid potential issues with cul-
turing EPCs (24,25).

We compared MT expression in BM-MNCs with early
BM-EPCs before transplantation to ensure their level of
MT overexpression. MT expression in both BM-MNCs and
BM-EPCs of JTMT mice was significantly higher than in

WT controls, similar to what was observed in aorta; no
obvious difference in MT expression levels between MNCs
and EPCs was observed (Supplementary Fig. 5). Trans-
plantation with WT or JTMTMNCs had no obvious effects
on hyperglycemia or body weight in db/db mice compared
with vehicle-infused db/dbmice (data not shown). Notably,
transplantation of WT or JTMT BM-MNCs time depen-
dently improved hind limb blood perfusion at all time
points from days 7 to 28 after HLI compared with db/db
mice infused with vehicle (Fig. 3A and B). In support of
increased blood flow, mice with JTMT BM-MNC trans-
planted had increased capillary density in both gastrocne-
mius and soleus muscles compared with mice receiving WT
BM-MNC infusion (Fig. 3C–E).

To test whether the transplanted MT-overexpressing
MNCs were directly involved in angiogenesis in diabetic ische-
mia, we monitored the distribution of MT-overexpressing
BM-MNCs in ischemic gastrocnemius muscle at day 7 after
HLI surgery. The db/db mice infused with either WT

A B

E

C D

Figure 1—JTMT mice exhibit improved blood perfusion and angiogenesis in diabetic HLI. T2D was induced by HFD plus STZ in JTMT and
littermate WT mice. The blood perfusion was monitored before and at 0, 3, 7, 14, 21, and 28 days after HLI using a PeriCam PSI (A) and
quantified by Image J (B). Ischemic hind limb muscle tissues were then collected at day 28 after HLI. Transverse sections of gastrocnemius
(GS) muscle (C) and soleus (SS) muscle (D) were stained for CD31 to enumerate CD311-stained cell number as a proxy of capillary density.
Capillary density was expressed as CD311 capillaries per high-power field (HPF) (E), and DAPI was used to recognize nuclei. Data are
mean 6 SD. n $ 9 mice/group. *P , 0.05 vs. WT control (Ctrl); #P , 0.05 vs. WT diabetes mellitus (DM).
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Figure 2—Endothelial MT overexpression preserves EPC mobilization and homing and alleviates oxidative stress in diabetic HLI. T2D was
induced as described in Fig. 1. At day 3 after HLI surgery, peripheral blood was collected to evaluate the percentage of EPCs (CD341/
VEGFR21) in circulation by a flow cytometry assay (A and B); transverse sections of gastrocnemius muscle were stained by CD34 and
VEGFR2 (C ) to evaluate EPC infiltration (arrow); the infiltration incidence was expressed as CD341/VEGFR21 cells per high-power field (HPF)
(D). The plasma SDF-1 (E ) and VEGF (F ) levels were detected by ELISA. The expression of SDF-1 (G andH), VEGF (G and I), andHIF-1a (G and
K) and phosphorylation of Akt (G and J) in gastrocnemius muscle were detected by Western blot, with b-actin used as loading control. The
transverse sections of gastrocnemius muscle were also used to probe superoxide production by DHE staining (L), and the fluorescence
intensity was quantified by Image J (M). Data are mean6 SD. n$ 4 mice/group. *P, 0.05 vs. WT control (Ctrl); #P , 0.05 vs. WT diabetes
mellitus (DM).
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BM-MNCs or JTMT BM-MNCs had a higher number of
CD311 cells compared with vehicle-infused db/db mice.
Notably, a further increase in CD311 cells was observed in
db/db mice infused with JTMT BM-MNCs when compared
with db/dbmice infused withWT BM-MNCs (Fig. 4B). Only
the JTMT BM-MNCs, identified as MT and CD31 double-
positive stained cells, were clearly involved in capillary
formation in ischemic gastrocnemius muscle in trans-
planted db/db mice (Fig. 4A and B), whereas a similar and
lower level of double-positive stained cells were observed
in vehicle- and WT BM-MNC–infused db/db mice (Fig. 4A
and B). Plasma levels of proangiogenic proteins showed
that blood SDF-1 levels were elevated with infusion of
either BM-MNCs (Fig. 4C), yet only transplantation of
JTMT BM-MNCs elevated both SDF-1 and VEGF blood
levels (Fig. 4C and D) compared with controls. In agreement
with these findings, transplantation of JTMT BM-MNCs
elevated SDF-1, VEGF, Akt, and HIF-1a signaling in ische-
mic gastrocnemius muscle (Fig. 4E–I), which were not ob-
served in the contralateral nonischemic gastrocnemius
muscles between db/db mice infused with WT MNCs and
JTMTMNCs (Supplementary Fig. 6).Moreover, transplantation

of JTMT BM-MNCs was associated with lower levels of oxida-
tive damage in ischemic gastrocnemiusmuscle as demonstrated
by a reduction in superoxide production (Fig. 4J and K), 3-NT
staining (Supplementary Fig. 7A), and 4-HNE protein staining
(Supplementary Fig. 7B) compared with controls. Taken to-
gether, these findings indicate that the improved therapeutic
efficacy of JTMT BM-MNC transplantation may be attributed
toMTendothelial overexpression that preserves EPC angiogenic
signaling and function as a consequence of MT antioxidative
capacity.

Endothelial MT Overexpression Protects EPCs From
Effects of HG and Hypoxia
To test the role of MT in EPC function in diabetes, human
EPCs were isolated from healthy subjects and patients
with diabetes. Strikingly, EPCs from patients with diabetes
exhibited significantly decreased MT expression (Fig. 5A),
which was accompanied by significantly increased cell
apoptosis (Fig. 5B) and impaired tube formation (Fig. 5C).
These findings indicate that reduced MT expression plays
an important role in EPC dysfunction in patients with
diabetes.

Figure 3—MT-overexpressing BM-MNC transplantation improves blood perfusion and ischemic angiogenesis in db/db mice with HLI.
BM-MNCs from WT and JTMT mice were transplanted in db/db mice immediately after HLI; MNC suspension buffer was used as vehicle
control. The blood perfusion was monitored before and at 0, 3, 7, 14, 21, and 28 days after HLI using a PeriCam PSI (A) and quantified by
Image J (B). Ischemic hind limbmuscle tissueswere then collected at day 28 after HLI. Transverse sections of gastrocnemius (GS) muscle (C)
and soleus (SS) muscle (D) were stained by CD31 to evaluate angiogenesis. Capillary density was expressed as CD311 capillaries per high-
power field (HPF) (E), and DAPI was used to recognize nuclei. Data aremean6SD. n$ 8mice/group. *P, 0.05 vs. vehicle; #P, 0.05 vs.WT.
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To test whether MT is proangiogenic in EPCs, MT
expression in early mouse EPCs was confirmed (Supple-
mentary Fig. 5), and the angiogenic functions of mouse
EPCs were assayed under HG and hypoxia-mimicked hy-
perglycemic and ischemic conditions in vivo. Strikingly,
EPCs from JTMTmice were almost completely resistant to
HG/hypoxia-induced apoptotic cell death (Fig. 6A and B).
HG and hypoxia significantly impaired tube formation in
WT EPCs (Fig. 6C and D); however, these effects were
eliminated in JTMT EPCs (Fig. 6C and D). Because TEM is

essential for EPC homing to sites of blood vessel repair and
formation, TEM in WT EPCs was impaired by HG/hypoxia
treatment, yet SDF-1–induced migration was completely
preserved in JTMT EPCs (Fig. 6E and F). As a major fac-
tor responsible for the diabetes-associated dysfunction of
EPCs (6,26), ROS levels and oxidative damage induced by
HG/hypoxia were markedly reduced by MT overexpression
in JTMT EPCs compared with WT EPCs with HG/hypoxia
treatment, as measured by DHE staining (Fig. 6G and H)
and by oxidative markers 3-NT (Supplementary Fig. 8A)

Figure 4—MT-overexpressing BM-MNCs involved in ischemic angiogenesis in db/db diabetic mice with HLI. BM-MNCs transplantation was
performed as described in Fig. 3. At day 7 after HLI surgery, transverse sections of gastrocnemiusmusclewere stained byCD31 andMT (A) to
evaluate the incorporation of MT-overexpressing BM-MNCs in capillaries (arrows), the capillary density was expressed as CD311 cells per
high-power field (HPF), and the incorporation incidencewas expressed asCD311/MT1 cells per HPF (B). The plasmaSDF-1 (C) and VEGF (D)
levels were detected by ELISA. The expression of SDF-1 (E and F), VEGF (E andG), and HIF-1a (E and I) and phosphorylation of Akt (E andH)
in gastrocnemius muscle were detected by Western blot, with b-actin used as loading control. The transverse sections of gastrocnemius
muscle were also used to probe superoxide production by DHE staining (J), and the fluorescence intensitywas quantified by Image J (K). Data
are mean 6 SD. n 5 5 mice/group. *P , 0.05 vs. vehicle; #P , 0.05 vs. WT.
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and 4-HNE (Supplementary Fig. 8B). More importantly,
MT protection of EPC function was accompanied by pro-
tection from HG/hypoxia-induced impairment of HIF-1a/
SDF-1/VEGF/Akt signaling (Fig. 6I–M), which is fully con-
sistent with MT-associated protection of this signaling
pathway in vivo (see Figs. 2 and 4).

Knockdown of HIF-1a Abolishes MT Overexpression
Protecting EPC Function
To test whether HIF-1a plays a pivotal role in MT pro-
tection of EPC function, we performed knockdown of HIF-
1a gene expression with HIF-1a siRNA in both WT and
JTMT EPCs. Consistent with the findings shown in Fig. 6,
the nonsense control siRNA had no obvious effects on MT
protection from HG/hypoxia-induced impairment of HIF-
1a expression in JTMT EPCs compared withWT EPCs (Fig.
7A and B). However, the specific siRNA against HIF-1a
significantly reduced HIF-1a expression compared with
nonsense control siRNA with either mannitol/hypoxia or

HG/hypoxia treatment, which was more apparent under
HG/hypoxia conditions in both WT and JTMT EPCs (Fig.
7A and B). Similarly, siRNA knockdown of HIF-1a mark-
edly decreased SDF-1 (Fig. 7A and C) and VEGF (Fig. 7A
and D) protein levels as well as Akt phosphorylation (Fig.
7A and E); the magnitude of reduction of SDF-1 and VEGF
levels and Akt phosphorylation was more apparent under
HG/hypoxia conditions in both WT EPCs and JTMT EPCs
(Fig. 7A–E). Furthermore, knockdown of HIF-1a not only
aggravated HG/hypoxia-induced impairment in EPC tube
formation (Fig. 8A and B) and TEM (Fig. 8C and D) in WT
EPCs but also blocked the protective effects of MT over-
expression against the effects of HG/hypoxia treatment on
EPC tube formation (Fig. 8A and B) and TEM (Fig. 8C and
D) in JTMT EPCs. More importantly, the essential role
of HIF-1a in MT overexpression preserving EPC SDF-1/
VEGF/Akt signaling and angiogenic function was validated
with a second specific siRNA sequence knockdown of HIF-
1a (Supplementary Figs. 9 and 10). These findings indicate

Figure 5—Diabetes impairs MT expression and function of EPC in patients. EPCs were collected from peripheral blood of healthy control
subjects and patients with diabetes. The expression of MT was detected by Western blot, with b-actin used as loading control (A). The
apoptosis was analyzed by flow cytometry using annexin V/PI staining (B). The angiogenic function was evaluated by tube formation assay
(C ). Data are mean 6 SD. n 5 6/group. *P , 0.05 vs. healthy subject EPCs (Health-EPC).
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that HIF-1a is equally important for both WT and JTMT
EPC preservation of SDF-1/VEGF/Akt signaling and an-
giogenic function, and MT endothelial overexpression aug-
ments the HIF-1a/SDF-1/VEGF/Akt signaling pathway in
promoting EPC survival and function. However, HIF-1a
knockdown did not affect the antioxidative capacity of
JTMT EPCs (Supplementary Fig. 11), demonstrating that
MT antioxidant function is upstream of HIF-1a.

DISCUSSION

In the current study, we found that diabetes or diabetic
conditions reduce EPC numbers and impair EPC function,
which is associated with aggravated oxidative stress. En-
dothelial overexpression of MT improves the mobilization
and angiogenic function of EPCs in diabetic limb ischemia,
accompanied by alleviated oxidative stress. Furthermore,
transplantation of MT-overexpressing MNCs improves
blood reperfusion and angiogenesis of diabetic limb ische-
mia, providing a novel potential therapeutic strategy to

treat this pathology. Importantly, the benefits of MT on
EPCs are predominantly mediated by the HIF-1a/SDF-1/
VEGF/Akt pathway under diabetic ischemia conditions.

The most important finding of this study is that en-
dothelium-selective scavenging oxidative stress by MT is
sufficient to prevent diabetes-induced impairment in ischemia
angiogenesis. Several previous studies have demonstrated
the importance of MT in preventing diabetes-induced
damage in cardiomyocytes (8–11) and in renal podocytes
(12). Similarly, our previous study also showed renopro-
tection in JTMTmice (13) against several highly refractory
complications of diabetic nephropathy. Consistent with
our current study results, mice with global MT gene
deficiency have impaired collateral flow recovery after the
induction of acute HLI wherein MT deficiency is associated
with endothelial cells, smooth muscle cells, and macro-
phage dysfunction in collateral remodeling (27). Because of
ubiquitous MT expression, the specific contribution of
endothelial MT in maintaining vascular homeostasis in

Figure 6—Endothelial MT overexpression protects EPCs fromHG and hypoxia-induced apoptosis and angiogenic dysfunction and impaired
HIF-1a/SDF-1/Akt signaling. BM-EPCs from WT and JTMT mice were exposed to HG (25 mmol/L) and hypoxia for 24 h; the equivalent
concentration of mannitol was used as osmotic control (Ctrl). The apoptosis was analyzed by flow cytometry using annexin V/PI staining
(A and B). The angiogenic function was evaluated by tube formation assay (C and D). The migration capability was evaluated by TEM assay
(E and F ). The oxidative damage was evaluated by DHE stain of superoxide production (G and H). The expression of HIF-1a (I and J), SDF-1
(I and K), VEGF (I and L), and phosphorylation of Akt (I and M) were tested by Western blot, with b-actin used as loading control. Three
independent experiments were performed. Data are mean 6 SD. *P , 0.05 vs. WT-Ctrl; #P , 0.05 vs. WT-HG.

1788 Metallothionein Improves EPC Function in T2D Diabetes Volume 69, August 2020

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/69/8/1779/525499/db190829.pdf by guest on 25 April 2024

https://doi.org/10.2337/figshare.12280736


diabetic limb ischemia was unclear. Thus, in this study, we
provide direct evidence that endothelial MT overexpression
provides significant promotion of blood flow recovery and
angiogenesis in diabetic HLI (Fig. 1). Although transgenic
approaches are challenging for clinical use, MT is a highly
inducible protein with many inducers, such as Zn. Pre-
viously, we demonstrated that upregulation of cardiac
MT by Zn supplementation provides significant protection
against chronic cardiomyopathy in diabetic mice (9,28).
Furthermore, Lim et al. (29) demonstrated that Tat
sequence–fused MT recombinant protein effectively inhibits
apoptosis, reduces fibrosis area, and enhances cardiac func-
tion in an ischemia/reperfusion rat myocardial infarction
model. Therefore, induction of endogenous MT expression

or supplementation of exogenous MT protein may be a
practical approach to treat (or prevent) diabetic ischemic
diseases.

Previous studies have shown EPCs to be an important
contributor to neovascularization through mobilization,
recruiting to injury location, and participating in angio-
genesis and tissue repair in limb ischemia (30,31). Reduced
number and function of EPCs are causally associated with
diabetes-induced impairment in vasculogenesis (26,32).
The current study demonstrates that the augmented an-
giogenesis in JTMT transgenic mice is attributable in part
to an improved functionality of EPCs, as evidenced by
increased mobilization of EPCs into the circulation and
infiltration of EPCs into injured muscle tissue (Fig. 2). In
addition, BM-MNCs are a major source of EPCs in vivo
(24,33). Transplantation of BM-MNCs in clinical trials has
provided solid evidence of feasibility and safety for treat-
ment of myocardial infarction and peripheral limb ische-
mia (24,31,34). Thus, in the current study, transplantation
of MT-overexpressed BM-MNCs showed greater therapeu-
tic effects on ischemic blood reperfusion and angiogenesis
than WT BM-MNCs in db/db mice with HLI (Fig. 3). We
attribute the functional benefits of BM-MNCs to EPCs for
several reasons: 1) BM-MNCs and BM-EPCs from JTMT
mice have similar levels of MT, 2) there is moreMT-positive
staining in muscle of db/dbmice transplanted with BM-MNCs
of JTMT mice, and 3) cultured BM-EPCs of JTMT mice are
protected from ex vivo hypoxia and HG-induced apoptosis
and capillary tube formation and migration dysfunction
(Fig. 6). These observations are consistent with previous
reports showing that endothelium-specific AMPK overex-
pression protects against diabetes-induced aggravation of
vascular injury by promoting mobilization and angiogenic
function of EPCs (35), and studies showing that copper-Zn
superoxide dismutase (CuZnSOD)–deficient mice demon-
strate a reduction in the number of EPCs in the BM and
an impairment in the functionality of isolated EPCs (36).
Therefore, endothelium-selective overexpression of MT ap-
pears to exert its protective effects against diabetes-induced
impairment in ischemic angiogenesis.

Accumulating evidence demonstrates that oxidative
stress contributes to diabetic EPC dysfunction and impair-
ment of vascular regeneration (6,26). Overexpression of
the heme oxygenase-1 (HO-1) gene in hyperglycemic rats
brings reduced superoxide production and decreases en-
dothelial cell sloughing (37). Likewise, EPCs isolated from
CuZnSOD-deficient mice have increased oxidative stress
and a reduced ability to migrate and integrate into capillary-
like networks (36). Importantly, the functional activities of
CuZnSOD-deficient EPCs are rescued by treatment with
the SOD mimetic Tempol (a membrane-permeable radical
scavenger) (36). We also show herein that improved EPC
function in diabetic JTMT transgenic mice coincides with
a reduction in superoxide production and oxidative dam-
age in ischemic muscle tissues (Fig. 2), JTMT BM-MNC
transplanted into db/db mice (Fig. 4), and isolated EPCs
exposed to diabetic conditions (Fig. 6). Thus, we support

Figure 7—Knockdown of HIF-1a abolishes MT overexpression,
protecting EPCs from HG and hypoxia-impaired HIF-1a/SDF-1/
Akt signaling. BM-EPCs from WT and JTMT mice were transfected
with the specific siRNA against HIF-1a for 48 h; the Silencer Select
Negative Control was used as control siRNA (Ctrl-siRNA). The
transfected EPCswere then exposed to HG (25mmol/L) and hypoxia
for an additional 24 h; the equivalent concentration of mannitol was
used as osmotic control (Ctrl). The expression of HIF-1a (A and B),
SDF-1 (A and C ), VEGF (A and D), and phosphorylation of Akt (A and
E ) was tested by Western blot, with b-actin used as loading control.
Three independent experiments were performed. Data are mean 6
SD. *P , 0.05 vs. the respective Ctrl-siRNA-Ctrl; #P , 0.05 vs. the
respective Ctrl-siRNA-HG; $P , 0.05 vs. WT-Ctrl-siRNA-HG.
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a central upstream role of oxidative stress as an important
mediator of diabetic dysfunction, and MT-diminished ox-
idative stress accounts for the protective effects against
diabetes-induced dysfunction of EPCs.

A novel finding of our present study is an uncovering
of the critical relationship between MT and HIF-1a as
a downstream target that mediates EPC mobilization and
subsequent improved neovascularization. HIF-1 is a tran-
scription factor that responds to decreased oxygen in the
cellular environment and plays critical roles in angiogen-
esis (38). HIF-1 is a heterodimer composed of two subunits:
the constitutively expressed HIF-1b and oxygen-regulated
HIF-1a (39). HIF-1a is an important regulator of angio-
genesis through activation of EPC function (40). HIF-1a
deficiency impairs the expression of multiple angiogenic
cytokines, mobilization of angiogenic cells, maintenance of
tissue viability, and recovery of limb perfusion following
HLI (41). Administration of an adenovirus encoding
a constitutively active form of HIF-1a improves blood flow
recovery in older mice to levels similar to those in young
mice (41) and improves cardiac function after myocardial
infarction in rats (42). The current study demonstrates
that protein expression of HIF-1a decreases in ischemic
muscle of diabetic WT mice, and it is similarly suppressed
in WT EPCs treated with HG plus hypoxia in culture. In
contrast, HIF-1a is markedly preserved in JTMT diabetic
mice, in JTMT BM-MNCs transplanted into db/db mice,
and in JTMT EPCs exposed to HG plus hypoxia (see Figs. 2,

4, and 6). Collectively, these results reveal an endothelial-
specific (and EPC-specific) benefit of MT expression that
preserves HIF-1a in conditions of ischemia and hypergly-
cemia as encountered in critical limb ischemia and PAD in
patients with T2D.

It is clear that HIF-1a is an indispensable mediator of
EPC-mediated vascular repair, including survival, mobili-
zation, and differentiation of BM-EPCs, as well as migra-
tion, recruitment, and adhesion of EPCs to sites of injury
by regulating multiple angiogenic factors (40–42). In par-
ticular, SDF-1 and VEGF, critical angiogenic factors down-
stream of HIF-1a (21,22,40), are known key regulators of
ischemic angiogenesis in diabetes. SDF-1 activates angio-
genesis through its cognate receptors CXCR4 and/or
CXCR7, while VEGF regulates angiogenesis through its
receptors VEGFR1 and/or VEGFR2 along with their down-
stream signaling mediators, such as Akt, in EPCs (6,22). In
the current study, we found that JTMT transgenic mice
and JTMT BM-MNC–infused db/db mice are resistant to
diabetes-induced reduction in SDF-1 and VEGF expression
as well as to reduced Akt phosphorylation in ischemic
muscle (Figs. 2 and 4). A previous study reported elevated
basal Akt phosphorylation in muscle tissues in hyperinsu-
linemic obese animals (43), whereas we observe reduced
Akt phosphorylation in ischemic muscle tissues in WT
diabetic mice compared with controls (Fig. 2). This differ-
ence could not be fully explained by the absence of hy-
perinsulinemia in the present HFD/STZ diabetic model
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Figure 8—Knockdown of HIF-1a abolishes MT overexpression, protecting EPCs against HG and hypoxia-induced EPC dysfunction.
BM-EPCs fromWTand JTMTmicewere transfectedwith the specific siRNA against HIF-1a for 48 h; the Silencer Select NegativeControl was
used as control siRNA (Ctrl-siRNA). Then the transfected EPCs were exposed to HG (25 mmol/L) and hypoxia for an additional 24 h, the
equivalent concentration of mannitol was used as osmotic control (Ctrl). The angiogenic function was evaluated by tube formation assay (A
and B). The migration capability was evaluated by TEM assay (C and D). Three independent experiments were performed. Data are mean6
SD. *P , 0.05 vs. Ctrl-siRNA-Ctrl; #P , 0.05 vs. Ctrl-siRNA-HG; $P , 0.05 vs. WT-Ctrl-siRNA-HG.
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because in the contralateral nonischemic muscle of the
same diabetic animals, Akt phosphorylation levels were
normal (Supplementary Fig. 3). More importantly, MT
transgene prevented the decline in Akt phosphorylation
levels in diabetic ischemic muscle tissues (Fig. 2). There-
fore, preservation of ischemia-stimulated HIF-1a/SDF-1/
VEGF signaling by MT could be an important factor in
preventing Akt phosphorylation levels from declining in
ischemic muscle tissues of diabetic animals. The protective
effects of MT transgene could be attributable to both direct
contribution of MT-expressing BM-MNCs infiltrated in
ischemic muscle tissues and indirect mechanisms of these
cells through a yet-to-be-defined paracrine action that
preserves HIF-1a signaling in skeletal muscle cells and
endothelial cells in the ischemic tissues. This is also
demonstrated in EPCs treated with HG plus hypoxia
(Fig. 6), providing a consistent mechanism across plat-
forms. These protective signaling effects of MT overex-
pression as well as preservation of EPC functions are largely
abrogated by siRNA knockdown of HIF-1a in EPCs (Figs. 7
and 8 and Supplementary Figs. 9 and 10), providing further
mechanistic support. Because MT-augmented antioxidative
capability is unaffected by HIF-1a knockdown (Supplemen-
tary Fig. 11), we conclude that HIF-1a lies downstream of
MT and diabetic oxidative stimuli in EPCs. Several mech-
anisms underlying the potential deleterious effect of HG or
hyperglycemia on HIF-1a activity under hypoxic conditions
have been proposed (44,45). One major mechanism is the
direct effects of HG- or hyperglycemia-induced overproduc-
tion of ROS that inhibits HIF-1a expression through
repression of Ras-related C3 botulinum toxin substrate 1
expression or promotes HIF-1a degradation through acti-
vated proline hydroxylase in the presence of iron and in-
creased ubiquitin-proteasome activity (44,45). Therefore,
we hypothesize that MT protects diabetic EPC function
predominantly through protection of HIF-1a transcriptional
activity by scavenging ROS. However, the specific mech-
anism by which MT protects HIF-1a expression (in the
presence of hypoxia and hyperglycemia) remains to be
elucidated in future studies.

Although the current study focused on the effects of
MT/HIF-1a in EPCs, MT and HIF-1a actions in endothe-
lial cells are equally important in maintaining endothelial
integrity and vascular homeostasis. Activation of MT and/
or HIF-1a promotes migration, proliferation, survival, and
angiogenic sprouting of endothelial cells (46,47). There-
fore, the improved vascular function in JTMT transgenic
mice may be attributable to the salutary effects of MT in
both endothelial cells and EPCs, in part by suppression of
oxidative stress and induction of HIF-1a/SDF-1/VEGF/
Akt signaling. In addition to endothelial cells, Tie-2 is
expressed in monocytes/macrophages, and Tie-2–expressing
monocytes/macrophages play essential roles in tumor angio-
genesis (48–50). Thus, it is possible that Tie-2 promoter–
driven MT overexpression in monocytes/macrophages in
JTMT mice may contribute to the promotion of diabetic
HLI angiogenesis. Taken together, these findings suggest

that therapeutic interventions to enhance endothelial MT
expression and, thus, functionality may represent an at-
tractive modality to prevent vascular complications in
ischemia and diabetes.
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