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Abstract

Background—Bone marrow cell-based treatment for critical limb ischemia (CLI) in diabetic 

patients yielded a modest therapeutic effect due to cell dysfunction. Therefore, approaches that 

improve diabetic stem/progenitor cell functions may provide therapeutic benefits. Here, we tested 

the hypotheses that restoration of hydrogen sulfide (H2S) production in diabetic bone marrow cells 

(BMCs) improves their reparative capacities.

Methods—Mouse BMCs were isolated by density-gradient centrifugation. Unilateral hind limb 

ischemia (HLI) was conducted in 12- to 14-week old db/+ and db/db mice by ligation of left 

femoral artery. H2S level was measured by either gas chromatography or staining with florescent 

dye sulfidefluor 7AM.

Results—Both H2S production and cystathionine γ-lyase (CSE), an H2S enzyme, levels were 

significantly decreased in BMCs from diabetic db/db mice. Administration of H2S donor diallyl 

trisulfide (DATS) or overexpression of CSE restored H2S production and enhanced cell survival 

and migratory capacity in high glucose (HG)-treated BMCs. Immediately after HLI surgery, the 

db/+ and db/db mice were administrated with DATS orally and/or local intramuscular injection of 

GFP-labeled BMCs or RFP-CSE-overexpressing BMCs (CSE-BMCs). Mice with HLI were 

divided into six groups: 1) db/+; 2) db/db; 3) db/db+BMCs; 4) db/db+DATS; 5) db/db+DATS

+BMCs; 6) db/db+CSE-BMCs. DATS and CSE overexpression greatly enhanced diabetic BMCs 

retention in ischemic hind limbs (IHL) followed by improved blood perfusion, capillary/arteriole 

density, skeletal muscle architecture and cell survival, and decreased perivascular CD68+ cell 
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infiltration in IHL of diabetic mice. Interestingly, DATS or CSE overexpression rescued HG-

impaired migration, tube formation and survival of BMCs or mature human cardiac microvascular 

endothelial cells (HCMVECs). Mechanistically, DATS restored nitric oxide production and 

decreased eNOS-pT495 levels in HCMVECs, and improved BMC angiogenic activity under HG 

condition. Finally, silencing CSE by siRNA significantly increased eNOS-pT495 levels in 

HCMVECs.

Conclusions—Decreased CSE-mediated H2S bioavailability is an underlying source of BMC 

dysfunction in diabetes. Our data indicate that H2S and overexpression of CSE in diabetic BMCs 

may rescue their dysfunction and open novel avenues for cell-based therapeutics of CLI in diabetic 

patients.
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INTRODUCTION

Critical limb ischemia (CLI) imposes a major public health burden, resulting in high 

mortality and disability. Occurrence of CLI in patients with diabetes, the most prevalent 

metabolic problem in US adults, is very frequent. In the absence of effective treatments for 

increasing blood flow in ischemic limbs, cell-based therapies have rapidly emerged as a 

potential novel therapeutic approach for treatment of CLI. Especially after the initial 

characterization of putative bone marrow cells (BMCs),1 increasing evidence from animal 

models of experimental ischemic injuries suggest that BMCs participate in the process of 

angiogenesis/neovascularization and tissue injury repair. Our group and others have reported 

that transplantation of BMCs improves angiogenesis, neovascularization, and blood flow in 

ischemic hind limbs (IHL) and heart of mouse models.2–4 Available clinical trials provide 

sufficient evidence for safety and efficacy of BMC-based treatment for ischemic tissue 

injury.5, 6 However, similar trials have been disappointing in diabetic patients, presumably 

due to cell dysfunction.5 Therefore, enhancing survival and function of transplanted diabetic 

BMCs remains a major challenge and approaches which improve diabetic its function may 

provide better therapeutic benefits for CLI in diabetes.

Hydrogen sulfide (H2S) is an endogenously produced gasotransmitter that is critical for the 

regulation of cardiovascular homeostasis.7–9 In mammalian species, H2S is produced 

enzymatically by cystathionine-γ-lyase (CSE), cystathionine-β-synthase (CBS) and 3-

mercaptopyruvate sulfurtransferase (MPST), of which CSE is the primary CSE enzyme 

expressed in the cardiovascular system, including in cardiomyocytes, in vascular endothelial 

cells (ECs), and smooth muscle cells.10 Cumulative evidence showed that both exogenous 

and endogenous H2S exert therapeutic effects on ischemic heart and limb injury.11–16 

Recently, a role of H2S in the pathogenesis of diabetes has been suggested, where circulating 

levels of H2S were found to be inversely proportional to cardiovascular complications in 
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diabetic animals.17, 18 Clinically, the negative association between diabetes and H2S is 

reinforced by decreased plasma H2S levels in diabetic patients.19, 20 To date, several studies 

have investigated the therapeutic effects of H2S in the ischemic tissue injury of 

diabetes.17, 18 However, regulation of biological functions of diabetic BMCs by H2S and 

signaling transduction pathways in diabetic ischemic limb repair remain to be elucidated.

It is well known that nitric oxide (NO) is an important signal molecule in cardiovascular 

homeostasis. NO is synthesized within ECs by endothelial NO synthase (eNOS) from L-

arginine. Loss of NO bioavailability and eNOS activity has been implicated in several 

disease states such as coronary artery disease, hypertension, heart failure, and diabetes. 

Recent studies have demonstrated that NO and eNOS modulate angiogenesis in response to 

tissue ischemia in diabetes.21 Although H2S and NO are thought to modulate independent 

signaling pathways, recently cross-talk between these two molecules has been suggested.8 

Exogenous H2S was shown to protect pressure overload- and myocardial infarction-induced 

heart failure via upregulation of eNOS and NO bioavailability.22, 23 In addition, lack of CSE 

was shown to diminish NO levels and exacerbate myocardial ischemia/reperfusion injury.8 

However, the link between H2S and NO in the BMC-mediated angiogenesis in diabetes has 

not been studied.

The purpose of the present study was to evaluate the role and underlying mechanisms of H2S 

deficiency in diabetes-induced BMC dysfunction, especially, to examine the therapeutic 

effects of restoration of H2S production in diabetic BMCs on ischemic hind limb (IHL) 

injury in diabetic db/db mice. Mechanistically, we investigated the effects of H2S deficiency 

on eNOS/NO signaling pathways in under high glucose (HG) conditions.. We found that 

diallyl trisulfide (DATS), a stable H2S donor, and overexpression of CSE in diabetic BMCs 

restored their functional and reparative properties. Furthermore, our results demonstrate that 

the therapeutic actions of H2S are mediated by eNOS-pT495/NO signaling pathway. 

Therefore, our study supports the hypothesis that H2S deficiency plays a critical role in 

diabetes-induced BMC dysfunction.

METHODS

The detailed and expanded methodology is provided in the online-only Data Supplement.

Animal groups, hindlimb ischemia model, laser Doppler perfusion imaging of hind limb 
blood flow, and sample collection

Twelve- to 14-weeks-old, male, db/db mice lacking the gene encoding for leptin receptor 

and their control nondiabetic db/+ mice were obtained from Jackson Laboratories. All 

animal experiments were approved by the Institutional Animal Care and Use Committee of 

Temple University.

Six animal groups were used: 1) db/+; 2) db/db; 3) db/db +BMCs; 4) db/db+DATS; 5) db/db

+DATS+ BMCs; 6) db/db+CSE-BMCs. DATS was administrated orally by gavage one day 

after the surgery (2 mg/mouse/day, for 3 weeks after surgery). BMCs were isolated from 

bone marrow of 12- to 14-week-old db/+ or db/db mice by density-gradient centrifugation as 

previously described3, 24 and labeled with GFP by transfection with GFP lentivirus (BMCs) 
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or overexpressed CSE by transfection of RFP-tagged CSE lentivirus (CSE-BMCs). 

Induction of left hind limb ischemia was performed in db/+ and db/db mice as described 

previously.25 Immediately after femoral artery ligation, BMCs or CSE-BMCs were injected 

intramuscularly (5×105 cells).26 Blood flow measurements in each mouse hind limb were 

performed on pre- (day 0) and post-ligation days 7, 14 and 21 using a laser Doppler 

perfusion imager as previously described.25

Tube formation and cell migration

Tube formation was performed as previously described.3 Cell migration was determined by 

either transwells or scratch wound assay or scratch wound healing.3, 27

RNA interference

HCMVECs were transfected with CSE siRNA (60 nM, sc-78973, Santa Cruz) or a negative 

control RNA (NC-siRNA, SC-37007, Santa Cruz) was used at a final concentration of 60 

nM according to the manufacturer’s instructions.

H2S production

Intracellular free H2S levels were determined in live BMCs and HCMVECs using a stable 

H2S fluorescent probe sulfidefluor 7AM (SF-7AM, Tocris, Cat. # 4943) as previously 

described.28 Free H2S levels were measured in mouse BMCs, serum, or medial tight 

muscles by gas chromatography chemiluminescence (Agilent 7890 GC gas chromatography 

system and G660XA Series chemiluminescence detector) as previously described.8

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL) staining 

for apoptosis was determined on BMCs or ischemic skeletal muscle sections as 

manufacturer’s instructions (Cell death detection assay, Roche, Indianapolis, IN).

Intracellular NO production in live HCMVECs

Intracellular NO production in live HCMVECs was determined by staining with 4-Amino-5-

Methylamino-2′,7′-Difluorofluorescein (DAF-FM, Sigma) as previously described.29

Isolation of mouse lung microvascular ECs

Mouse lung microvascular endothelial cells (MMECs) were isolated using collagenase as 

previously described,30 and identified with staining of Von Willebrand factor (vWF, Santa 

Cruz SC-2780, 1:200) and CD31 (BD Biosciences; BD553370, 1:100).29

Statistics

In vitro studies were repeated at least 3 or more times with triplicates/group/experiment. 

Results are expressed as the mean ± SEM. For statistical comparison of single parameters, 

independent t test was used for two groups and one way ANOVA with Bonferr oni 

adjustment was performed for multiple groups. A probability value p <0.05 was considered 

to be significant.
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RESULTS

H2S production is decreased in diabetic BMCs via downregulation of CSE

In diabetic db/db mice, H2S levels in plasma, medial thigh muscles and BMCs were 

significantly decreased compared to that of controls (non-diabetic db/+ mice). We next 

examined both protein and mRNA levels of H2S-synthesizing enzymes and found that 

mouse BMC expressed CSE. Protein level of CSE was significantly decreased in BMCs 

from diabetic db/db mice, whereas RNA levels of CSE was unchanged, indicating that 

downregulation of CSE in diabetic BMCs likely occurs at the post-transcriptional/

translational level (Figure. 1B and C, p<0.05). CBS and MPST protein levels were virtually 

undetected (Supplementary Figure. 1D–G), indicating that CSE is a primary H2S-

synthesizing enzyme in mouse BMAPC. In vitro, high glucose (HG), a key factor 

responsible for the pathogenesis of diabetes, significantly decreased H2S production in non-

diabetic BMAPCs (Figure. 1D, p<0.05). Interestingly, CSE overexpression (Figure. 1D) or 

DATS treatment restored H2S levels in HG-treated BMCs (Figure. 1E, p<0.05). Moreover, to 

determine the translational value of our findings, we examined the effects of HG on CSE 

levels in human CD34+ cells (AllCell) which have been previously studied in phase III 

clinical trials. We found that CSE RNA, but not CBS and MPST RNA, level was 

significantly decreased in HG-treated human CD34+ cells (Supplementary Figure. 2A–C, 

p<0.05). Taken together, downregulation of CSE is responsible for H2S deficiency in 

diabetic and/or HG-treated BMAPC both in mice and humans.

DATS rescued HG-induced BMC death

We next determined whether H2S deficiency is involved in HG-induced BMC death. We 

found that HG significantly increased TUNEL+ BMCs (Figure. 1F, Supplementary Figure. 

3, p<0.05). DATS significantly reduced HG-induced BMC death. To study the role of CSE 

in BMC death, we examined the effect of DL-propargyl glycine (PAG), a selective CSE 

inhibitor, on BMC survival. We found that PAG significantly increased TUNEL+ BMCs 

(Figure. 1F, Supplementary Figure. 3, p<0.05), indicating that CSE-mediated H2S reduction 

plays a critical role in HG-induced BMC death.

DATS rescued HG-impaired BMC migration

The migratory function of BMC has been demonstrated to be one of the most important 

factors for neovascularization.31 We found that HG significantly decreased the number of 

migrated BMCs which was rescued by DATS (Figure. 1G and Supplementary Figure. 

4,p<0.05). PAG impaired the migratory capacity of BMCs (Figure. 1G, p<0.05). Our 

findings suggest that CSE-mediated H2S deficiency impairs BMC migratory capacity under 

HG condition.

Administration of DATS or overexpression of CSE enhanced diabetic BMCs angiogenic 
potential and protected toe loss in IHL of diabetic mice

We next determined whether DATS or overexpression of CSE in BMCs rescues the defective 

phenotype and enhances the therapeutic effects of diabetic BMCs. For this purpose, the 

db/db mice with unilateral hind limb ischemia received DATS by gavage or local 
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transplantation of BMCs alone, or received a combination of DATS and BMCs. To explore 

the role of CSE, the therapeutic effects of CSE-overexpressing diabetic BMCs were also 

examined. Blood perfusion in the ischemic limb was monitored by laser Doppler perfusion 

imaging (Figure. 2A). The ischemic/non-ischemic blood flow ratio was significantly 

decreased in diabetic mice by 38.6% 14 days after ligation and excision of femoral artery 

(Figure. 2B–C, p<0.05). Diabetic BMCs did not significantly increase the blood flow, 

whereas DATS significantly enhanced blood perfusion (Figure. 2B–C, p<0.05). 

Administration of DATS combined with diabetic BMCs dramatically increased blood 

perfusion. CSE-overexpressing diabetic BMCs also significantly increased blood flow 

(Figure. 2B–C, p<0.05).

CD31 staining showed that the capillary density was significantly decreased in ischemic 

tissue of untreated diabetic mice compared to non-diabetic mice (Figure. 3A, p<0.05). 

Transplantation of diabetic BMCs slightly increased capillary density but not significantly, 

whereas DATS alone significantly increased capillary density in IHL of diabetic mice 

(Figure. 3A, p<0.05). A combination of DATS and diabetic BMC dramatically increased 

capillary formation. Transplantation of CSE-overexpressing diabetic BMCs to ischemic 

tissues significantly improved capillary density (Figure. 3A, p<0.05). Similarly, arteriole 

density (Smooth muscle actin+ vessels) was significantly decreased in IHL of diabetic mice 

compared to non-diabetic mice (Figure. 3B) which was not significantly improved by 

transplantation of diabetic BMC. DATS significantly increased the arteriole density 

(p<0.05), especially, potentiated BMC-mediated arteriole formation (Figure. 3B, p<0.05) in 

IHL of diabetes. Overexpression of CSE in BMCs significantly improved arteriole density 

(Figure. 3B, p<0.05). Taken together, these findings indicate that CSE downregulation-

mediated H2S deficiency induces BMC dysfunction in diabetes and that restoration of 

endogenous H2S production by overexpression of CSE or exogenous supplementation of 

H2S donor DATS in diabetic BMCs rescues their dysfunction and improves blood perfusion 

and capillary/arteriole formation in IHL of diabetic mice which resulted in a lower rate of 

ischemic limb necrosis/loss (Figure. 3C,).

Administration of DATS or overexpression of CSE improved diabetic BMC-restored 
ischemic skeletal muscle architecture in diabetic mice

Non-diabetic mice showed slightly increased fat deposition in IHL compared to shams 

(Figure. 4A). There was massive muscle degeneration and scattered fat deposition in the 

ischemic regions of diabetic mice. DATS or diabetic BMC alone significantly rescued 

muscular degeneration and localized fat deposition, whereas a combination of DATS and 

diabetic BMCs or overexpression of CSE dramatically attenuated muscular degeneration and 

fat deposition (Figure. 4A), suggesting that sufficient H2S production is required for 

maintaining skeletal muscle architecture in IHL of diabetes.

Administration of DATS or overexpression of CSE in diabetic BMCs inhibited perivascular 
CD68+ cell infiltration in ischemic skeletal muscle of diabetic mice

Neovascularization is an integral process of inflammatory reactions and subsequent repair 

cascades in ischemic tissue injury. To evaluate therapeutic effects of administration of DATS 

and overexpression of CSE in diabetic BMCs on post-ischemic inflammatory responses, 
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numbers of infiltrated CD68+ inflammatory cells were examined in ischemic muscle 

sections (Figure. 4B). We found that CD68+ cell infiltration was significantly increased in 

IHL of diabetic mice compared to non-diabetic mice (Figure. 4B, p<0.05). Transplantation 

of diabetic BMCs did not significantly alter the CD68+ cell infiltration. DATS alone 

significantly decreased CD68+ cell infiltration (p<0.05) and to a greater extent when 

combined with diabetic BMCs (p<0.05). CSE-overexpressing diabetic BMCs significantly 

reduced CD68+ cell infiltration (Figure. 4B, p<0.05), indicating that H2S deficiency caused 

by downregulation of CSE results in perivascular CD68+ cell infiltration of ischemic tissues 

in diabetes.

Administration of DATS or overexpression of CSE in diabetic BMCs attenuated apoptosis 
in IHL of diabetic mice

There was a significant increase of TUNEL+ apoptotic cells in IHL of diabetic mice 

compared to non-diabetic mice (Figure. 5A, p<0.05). We noted that the TUNEL+ cells were 

mainly expressed in the scar and scar zone. Diabetic BMCs and DATS alone significantly 

attenuated apoptosis, respectively (Figure. 5A, p<0.05). A combination of DATS and 

diabetic BMCs or overexpression of CSE in diabetic BMCs attenuated apoptosis to a greater 

extent (Figure. 5A, p<0.05), suggesting that CSE-mediated H2S is critically required for cell 

survival in ischemic tissues of diabetes.

Overexpression of CSE in diabetic BMCs improved their engraftment and angiogenic 
activity in IHL of diabetic mice

To track the distribution of injected BMCs, control and CSE-overexpressing diabetic BMCs 

were tagged with GFP and RFP-labeled CSE lentivirus, respectively (Supplementary Figure. 

5A and B). The CSE mRNA level was increased by 25-fold in transfected BMCs compared 

to the control (Figure. 1D, p<0.05).

Double staining of ischemic tissues with lectin (yellow) and GFP (green, for diabetic BMCs) 

or RFP (red, for CSE-overexpressing diabetic BMCs, Figure. 5B) showed that lectin+ 

capillaries or arterioles contained either GFP+ (Figure. 5B, upper panel) or RFP+ cells 

(Figure. 5B, lower panel), confirming the presence of hybrid blood vessels composed of 

transplanted BMCs. It is noteworthy that lectin+/GFP+ cells in capillaries and arterioles were 

increased by 1.64-fold in the mice treated with DATS+BMCs compared with that treated 

with BMCs alone (Figure. 5B, p<0.05). Lectin+/RFP+ cells in capillaries and arterioles were 

2.22- and 1.58-fold more than lectin+/GFP+ cells in mice treated with BMCs and DATS

+BMCs, respectively (Figure. 5B, p<0.05), suggesting that DATS or overexpression of CSE 

in diabetic BMCs increased their cooperative and differentiation properties for angiogenesis 

and neovascularization. Overexpression of CSE in diabetic BMCs increased their angiogenic 

capability to a greater extent than administration of DATS plus BMCs. Moreover, there were 

more transplanted BMCs detectable in ischemic tissues of mice with DATS+BMCs or CSE-

BMCs compared to that with BMCs alone (Figure. 5B), suggesting that overexpression of 

CSE increases diabetic BMC retention in ischemic tissues of diabetic mice. Taken together, 

these results suggest that endogenous H2S production resulting from overexpression of CSE 

increases diabetic BMC survival rate, retention and engraftment into ischemic tissue, and 
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subsequently induces vascular network formation to a greater extent than exogenous H2S 

production in the ischemic muscles after transplantation.

Hyperglycemic culture conditions reduced H2S production and impaired HCMVEC function 
via downregulation of CSE

Human cardiac microvascular endothelial cell (HCMVEC) is a cardiovascular-relevant 

cellular model in which to study the role of H2S in endothelial cell regulatory mechanisms 

of angiogenesis and neovascularization under high glucose (HG) condition in human. We 

found that H2S production and CSE protein levels were reduced in HCMVECs dose-

dependently (Figure. 6A and B, p<0.05). DATS significantly increased H2S levels in 

HCMVECs (Figure. 6A and B, p<0.05). CBS or MPST protein levels were not affected by 

HG (Figure. 6B), suggesting that CSE plays a major role for H2S production in HCMVECs.

We used a matrigel model to examine the role of H2S in HG-impaired tube formation, a 

standard in vitro experimental model for studying angiogenic properties of HCMVECs. We 

found that HG dramatically impaired tube formation, which was significantly improved 

either by DATS or overexpression of CSE (Figure. 6D–F, p<0.05). Silencing CSE by siRNA 

significantly impaired tube formation of HCMVECs.

HCMVEC migration was evaluated using the scratch wound assay. HG significantly reduced 

HCMVEC migration dose-dependently (Figure. 6F and Supplementary Figure. 6, p<0.05). 

DATS rescued HG-impaired HCMVEC migration while PAG impaired HCMVEC migration 

similarly to HG exposure (p<0.05). Taken together, our results indicate that CSE-mediated 

H2S deficiency plays a critical role in HG-impaired HCMVEC tube formation and 

migration.

DATS reversed HG-induced eNOS phosphorylation at threonine 495 and NO reduction in 
HCMVECs

Evidence suggests that H2S requires NO to exerts positive effects.32 Next, we examined the 

effects of H2S deficiency on NO production. We found that HG inhibited NO production in 

HCMVECs (Figure. 7A, p<0.05) which was rescued by either DATS or sodium 

hydrosulfide, suggesting that H2S deficiency mediates HG-induced NO reduction in 

HCMVECs (Figure. 7A, p<0.05).

Recently, we reported that HG decreases eNOS activity and NO production via eNOS 

phosphorylation at threonine 495 (eNOS-pT495) — a negative regulator of eNOS activity.29 

To investigate whether H2S induces eNOS-pT495, we examined the effect of DATS on 

eNOS-pT495 in HG-treated HCMVECs. HG increased eNOS-pT495 levels in a dose- and 

time-dependent manner (Figure. 7B and Supplementary Figure. 7A and B, p < 0.05) and this 

effect was reduced by DATS (p < 0.05). HG significantly decreased eNOS phosphorylation 

at serine 1177 (eNOS-pS1177) — a positive regulator of eNOS activity. Interestingly DATS 

did not significantly affect eNOS-pS1177 levels (Figure. 7C, p<0.05). By 

immunohistochemistry, we also found that HG significantly increased eNOS-pT495 

expression in the cytoplasm of HCMVECs which was also rescued by DATS (Figure. 7D, 

p<0.05). Interestingly, knockdown of CSE expression dose-dependently increased protein 

levels of eNOS-pT495, but not eNOS-pS1177, in HCMVECs (Figure. 7E). Taken together, 
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our findings suggest that H2S deficiency mediated HG-induced NO reduction via eNOS-

pT495 in HCMVECs.

DATS rescued HG-impaired tube formation by incorporation of BMCs and ECs

Tube formation by incorporation of BMCs and ECs has been suggested for studying the role 

of BMC in promoting tube formation in vivo.33 We found that BMCs became incorporated 

with mouse microvascular endothelial cells (MMECs) for tube formation, and HG-treated 

BMCs significantly decreased tube number of length, respectively (Figure. 8A and B, 

p<0.05). DATS significantly increased the number of BMCs integrated into tubular 

structures and improved tube formation of MMECs (Figure. 8B, p<0.05), suggesting that 

H2S deficiency plays a critical role in impaired tube formation of diabetic BMCs and ECs.

DISCUSSION

CLI is one of the major vascular complications in diabetes, which is estimated to affect 400 

million or 4.4% of the world population in the next 20 years.34 CLI is defined as advanced 

stage of peripheral arterial disease with arterial occlusion in lower extremity and results in 

limb loss, disability and mortality. The first objective in treating CLI is to increase blood 

flow to the affected limb. Previously, surgical vascular reconstruction and adjunctive 

pharmacotherapy with antithrombotic treatment have been extensively applied in clinical 

practice. However, the results have failed to meeting expectations, partially due to relapse.35 

In the last decades, cellular therapy has emerged as a potential strategy for treatment of CLI 

in patients. Since the discovery of BMCs in peripheral circulation,1 the regenerative property 

of BMCs has been studied extensively. We and others reported that transplantation of BMCs 

improved angiogenesis/neovascularization and blood flow in ischemic heart and limbs.3, 4 

Moreover, the beneficial effects of BMC-based therapy for CLI in diabetic patients have 

been investigated.5 However, its functional benefits in diabetic patients are modest due to 

diabetes-induced cell dysfunction.5 Therefore, functional improvement of diabetic BMCs 

would be a promising approach for treatment of CLI in diabetic patients.

In this study, we aimed to reveal the role and underlying mechanisms of H2S deficiency in 

the regulation of BMC function, and its effect on ischemic tissue repair in diabetic mice. 

Here we have demonstrated that; 1) CSE is the dominant H2S-synthesizing enzyme in 

BMCs. 2) CSE level is downregulated in diabetic BMCs or HG-treated mature HMVECs 

and thus results in H2S reduction. 3) H2S donor DATS or overexpression of CSE improves 

reparative capacity of diabetic-BMC in vitro and in vivo. And 4) DATS restored H2S 

deficiency-induced eNOS-pT495 and NO reduction under HG condition. We demonstrate 

that our findings may have translational value which opens new avenues for treatment of 

CLI in diabetes. A summary of our findings are shown in Figure. 8C.

Recent evidence suggests that H2S plays an important role in the maintenance of 

cardiovascular homeostasis and proliferation, differentiation, anti-inflammatory and anti-

apoptosis properties of stem/progenitor cells.11–14, 36 The role and mechanism of H2S in 

biological functions of diabetic BMC remains unclear. In concordance with recent studies 

that H2S production was decreased and related to the pathogenesis of CLI and diabetes 

mellitus,19, 20, 37 we observed H2S production was reduced in plasma, hind limb skeletal 
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muscles and BMCs from diabetic mice. Here, we provide the first evidence showing that 

H2S production was significantly reduced in BMCs of diabetic mice, and in HG-treated 

BMCs and mature HMVECs. Importantly we show that restoration of H2S by administration 

of DATS or overexpression of CSE improved diabetic BMC and HG-treated mature 

HCMVEC function in vivo or in vitro. Our findings indicate that insufficient H2S plays a 

critical role in diabetes-induced BMC and mature EC dysfunction.

Although H2S reduction in diabetic patients and animals has been reported, regulation of 

H2S synthesizing enzymes in diabetes is controversial. CSE levels were either increased in 

the pancreas, kidney, and liver38 or not altered in the aorta, liver, kidney and heart,39, 40 or 

decreased in the skin41 which may depend on the disease stage, species, tissues and organs. 

CSE has been suggested as a dominant enzyme responsible for H2S generation in the 

cardiovascular system,2 and largely expressed in cardiomyocytes, vascular endothelial cells 

(ECs), and smooth muscle cells.10 Genetic deletion of the CSE enzyme in mice markedly 

reduces H2S levels in the serum, heart, aorta, and other tissues.10, 42 The role of CSE and 

CSE-dependent H2S production in diabetic BMCs is unclear. Our data suggest that BMCs 

predominantly express CSE. Interestingly, diabetic/hyperglycemic BMCs showed reduced 

CSE and H2S levels and overexpression of CSE restored H2S production in HG-treated 

BMCs. Further studies to investigate signaling pathways mediating CSE levels in diabetic 

BMCs are warranted.

In this study, we examined the effects of H2S on IHL repair in a HLI model of diabetic 

db/db mice with either systemic administration of DATS or overexpression of CSE in BMCs 

isolated from db/db mice. We observed that DATS potentiated diabetic BMC-mediated 

blood perfusion, cell survival, angiogenesis/neovascularization and skeletal muscle 

architecture recovery. Importantly, we observed that overexpression of CSE in diabetic 

BMCs significantly improved their reparative capacity. Our studies provide strong evidence 

for downregulation of CSE as a key factor in diabetes-induced BMC dysfunction. These data 

suggest that improving diabetic BMC function by overexpression of CSE may present a 

novel treatment option for autologous cell-based treatment of CLI in diabetic patients.

Prolonged inflammation has been implicated with reduced BMC mobilization, cell death, 

and functional impairment.3, 24, 43 We have reported that co-administration of interlukin-10 

(IL-10) and BMCs enhanced cell survival and angiogenesis/neovascularization after 

myocardial infarction in mice via suppression of miR-375.3, 24, 43 Moreover, IL-10 KO mice 

display functional impairment and decreased survival of BMCs when BMCS are 

transplanted in ischemic myocardium.24 In this study, we observed that DATS or 

overexpression of CSE in BMCs reduced perivascular CD68 (monocytes/macrophage 

maker) infiltration and enhanced angiogenesis/neovascularization in ischemic limbs. This is 

in line with recent reports showing that H2S reduces neutrophil recruitment, stimulates 

ischemic vascular remodeling and promotes angiogenesis in HLI animal models.15, 16 Our 

study suggests a significant recruitment of inflammatory cells that was associated with CSE-

mediated H2S reduction in diabetic BMCs.

NO is an important signal molecule in cardiovascular homeostasis. Loss of NO 

bioavailability has been implicated in several disease states such as coronary artery disease, 
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heart failure, and diabetes. Several lines of evidence suggest that H2S requires NO to exert 

its protective effects in the cardiovascular system.8 H2S and NO cooperatively regulate 

angiogenesis/neovascularization under physiological and ischemic conditions.32 

Pharmacological inhibition or genetic ablation of eNOS has been shown to diminish the 

beneficial effects of H2S in angiogenesis and wound healing.8, 44, 45 Additionally, H2S-

mediated eNOS phosphorylation is important for NO production.8, 46 Furthermore, CSE KO 

mice exhibited lower eNOS phosphorylation at serine-1177 (eNOS-pS1177, active site) than 

at threonine-495 (eNOS-pT495, inhibitory site) in heart.8 Acute in vivo administration of 

DATS restored eNOS-pS1177 but not eNOS-pT495 levels in the heart of CSE KO mice.8 

Recently, we have shown that HG induced eNOS-pT495 in aortic endothelial cells.29 

Consistent with these findings, DATS significantly inhibited hyperglycemia-induced eNOS-

pT495. Our results suggest H2S deficiency plays an important role in HG-impaired BMCl 

function. Importantly, we observed that HG-decreased eNOS-pS1177 in HCMVECs and 

was not rescued by DATS. Moreover, we also found that silencing of CSE by siRNA dose-

dependently increased eNOS-pT495 but did not affect eNOS-pS1177 levels in HCMVECs. 

The contradictory findings on effects of DATS and the role of CSE on the regulation of 

eNOS-pT495 and eNOS-pT1177 may be due to the differences in doses and routes of DATS 

administration, as well as experimental species, conditions, organs and cell types. Our data 

indicate that downregulation of CSE-mediated H2S deficiency plays an important role in 

eNOS-pT495/NO reduction/EC dysfunction cascade under HG condition. We are the first to 

demonstrate that the beneficial effects induced by administration of DATS or overexpression 

of CSE in diabetic BMCs may be mediated via eNOS-pT495/NO signaling pathways.

Several other mechanisms were also reported to be involved in H2S-regulated angiogenesis 

and stem/progenitor cell function and biology. For instance, H2S improved endothelial 

progenitor cell function and wound healing in db/db mice via activation of angiopoietin-1.41 

H2S maintains mesenchymal stem cell (MSC) function via sulfhydration of calcium 

channel.14 CSE/H2S protects MSC from hypoxia and serum-deprivation induced cell death 

via attenuation of the mitochondrial injury pathway, inhibition of endoplasmic reticulum 

stress and activation of the PI3K/Akt signaling pathway.12 NaHS improved human adipose 

tissue-derived stem cells survival via increased antioxidant defense, enhanced ERK-

phosphorylation and decreased AKT-phosphorylation.47 Taken together, our data along with 

published literature suggests that H2S pathway may incorporate multiple molecular and 

signaling modules to exert its effect in cell and disease specific manner.

Despite evidence supporting a cell-protective role of H2S in animal models, translation of 

preclinical findings of cell protection from the bench to the bedside is still challenging due 

to uncertainty of dosing, timing, route and stability of H2S donors.48 In addition, H2S donor-

induced side effects, such as hypothermia, anti-inflammatory and pro-inflammatory 

properties, have not been defined clearly.48 Therefore, it is imperative to test the safety, 

tolerability, efficacy and stability, as well as define the side effects, of novel H2S donors in 

large animal models which are clinically relevant and express cardiovascular similarities 

with humans before translating H2S therapy to patients with cardiovascular diseases.49 

Therefore it is still challenging to treat CLI in diabetic patients using H2S donors. Increasing 

endogenous H2S in diabetic BMCs may emerge as a potential therapeutic strategy for CLI in 

diabetic patients.
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DATS act as H2S donor when they react with biological thiols including glutathione (GSH), 

or by human red blood cells via glucose-supported reaction. DATS exerts various beneficial 

biological effects in different organs, including anti-hyperlipidemia, -hypoglycemia, -cancer, 

–thrombosis, –inflammatory responses, and –oxidative stress in appropriate doses (see 

review 50). In good accordance, here we provide strong evidence that systemic 

administration of DATS improved diabetic BMC-mediated angiogenesis/neovascularization 

in ischemic hind limbs of diabetic db/db mice, suggesting that H2S deficiency plays 

important role in regulation of diabetic BMC biology and function.

Although a single study reported that systemic administration of H2S donor NaHS and 

hydroxythiobenzamide (HTB) restored diabetic BMC-mediated wound healing in db/db 

mice,41 the biological function of H2S deficiency in BMC-mediated repair of ischemic limb 

injury in diabetes has never been studied. Consistent with the above study, we observed that 

systemic administration of DATS potentiates diabetic BMC functional and biological 

properties in vivo and in vitro. To extend these findings, here we provide evidence that 

increasing endogenous H2S production by overexpression of CSE in diabetic BMCs rescues 

diabetes-induced BMC dysfunctional and reparative properties. We demonstrate that 

increasing endogenous H2S production by overexpressing CSE in diabetic BMCs may serve 

as a therapeutic modality to treat CLI in diabetic patients in the future.

CONCLUSIONS

Downregulation of CSE plays a major role in diabetes-induced H2S deficiency in BMCs. 

Systemic administration of H2S donor DATS or overexpression of CSE in BMCs restores 

diabetic BMC reparative capacity for ischemic hind limb ischemia in diabetic db/db mice. 

Our findings suggest that overexpression of CSE in diabetic BMCs may boost the efficacy of 

autologous cell-based treatment of CLI in diabetic patients.
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CLINICAL PERSPECTIVE

What Is New?

We provide evidence that diminished H2S levels in diabetic bone marrow cells impair 

their angiogenic reparative activity. Particularly:

• Diabetes or hyperglycemia (HG) leads to the reduction of H2S levels

• CSE is the dominant H2S-synthesizing enzyme in BMCs and is 

downregulated in diabetic BMCs or HG-treated mature HMVECs 

which results in H2S deficiency.

• H2S donor DATS or overexpression of CSE improves reparative 

capacity of diabetic-BMC in vitro and in vivo.

• Finally, DATS restored H2S deficiency-induced eNOS-pT495 and NO 

reduction under HG condition.

What Are the Clinical Implications?

• These findings strongly support the emerging concept that restoration 

of H2S levels may be of clinical importance and may potentially be a 

therapeutic target in diabetic patients with cardiovascular diseases.

• Particularly, our findings have important translational value and open 

new avenues for modulating H2S levels in diabetic BMCs before 

treatment of CLI.
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Figure 1. H2S deficiency induced by CSE downregulation in diabetic BMCs enhanced BMC 
death and dysfunction
BMCs were isolated from bone marrow of 12-week-old, male non-diabetic db/+ and diabetic 

db/db mice by gradient centrifugation. (A) Free H2S levels were measured by gas 

chromatography. Basal H2S levels were decreased in BMCs of db/db mice. (B) CSE protein 

levels were decreased in BMCs of db/db mice. (C) CSE RNA levels were not changed in 

BMCs of db/db mice. (D) CSE lentivirus transfection efficacy test. CSE overexpression 

using CSE lentivirus (MOI: 1 for 48 hrs) significantly increased CSE RNA levels in db/+ 

BMCs. BMCs isolated from db/+ mice were treated with normal D-glucose (DG) (NG, 5 

mM) or high DG (HG, 50 mM) for 48 hrs. (E) Intracellular H2S content was measured with 

fluorescent probe sulfidefluor 7AM (SF-7AM, 25 μM, for 30 minutes) in BMCs from db/+ 

mice treated with NG for 48 hrs. Diallyl trisulfide (DATS, 10 μM, 48 hrs) and 

overexpression of CSE with CSE lentivirus significantly restored H2S production in high D-

glucose (HG, 50 mM, 48 hrs)-treated BMCs. Left panel, representative photomicrographs; 

Right panel, relative quantification of H2S levels in live BMCs. (F) BMC death was 

measured using TUNEL Kit. DATS treatment inhibited HG-induced BMC death. Propargyl 

Glycine (PAG, 100 μM, 48hrs), a CSE-selective inhibitor, induced BMC death. (G) BMC 

migration was measured using Boyden transwell chamber. HG-impaired BMCs migration 

was restored by DATS, whereas PAG impaired BMC migration. Left panel, representative 

photographs; Right panel, relative quantification of BMC migration. n=3–5, *p<0.05 vs db/+ 

mice or NG-treated-BMCs; †p<0.05 vs HG-treated BMCs. BMCs, bone marrow cells; NG, 

normal glucose (5 mM): HG, High glucose (50 mM).
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Figure 2. Administration of DATS or overexpression of CSE potentiated diabetic BMC-mediated 
blood perfusion in IHL of db/db mice
Diabetic BMCs were isolated from 12-week-old db/db mice by gradient centrifugation, then 

transfected with GFP (MOI: 1, BMCs) or RFP-labeled CSE lentivirus (MOI: 1, CSE-BMC) 

in the presence of polybrene (8 μg/ml) for 48 hrs. (A) db/db mice received diabetic BMCs or 

CSE-BMCs by local intramuscular injection (5×105) immediately following left femoral 

artery ligation (ischemic limb). DATS (2 mg/kg/day) was given by gavage starting on the 

first day post-ligation for 3 weeks. Doppler images for blood perfusion of IHL were taken at 

0, 7, 14 and 21 days post-ligation. Ischemic limb blood perfusion was presented as ratio of 

Cheng et al. Page 18

Circulation. Author manuscript; available in PMC 2017 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blood flow in ischemic limbs divided by that in normal hind limb. Mice were euthanized at 

21 days post-ligation. (B) Representative images showing blood flow recovery on days 0 and 

21. (C) Quantification of perfusion ratio of blood flow recovery in ischemic limbs. n=5–7, 

*p<0.05 vs db/+ mice; †p<0.05 vs db/db mice; ‡p<0.05 vs db/db+BMCs; #p<0.05 vs db/db

+DATS. BMCs, bone marrow cells; I, ischemic limb; HLI, hind limb ischemia; N, normal 

limb.
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Figure 3. Administration of DATS or overexpression of CSE enhanced diabetic BMC-mediated 
angiogenesis and neovascularization in IHL of db/db mice
BMCs were isolated from 12-week-old diabetic db/db mice by gradient centrifugation, then 

transfected with GFP (MOI: 1, BMCs) or RFP-labeled CSE lentivirus (MOI: 1, CSE-BMC) 

in the presence of polybrene (8 μg/ml) for 48 hrs. Diabetic db/db mice received BMCs or 

CSE-BMCs by local intramuscular injection (5×105) immediately following left femoral 

artery ligation. DATS (2 mg/kg/day) was given by gavage starting on the first day post-

ligation for 3 weeks. Ischemic skeletal muscle was collected at 21 days post-ligation and 

immunostained for CD31 or α-SMA. (A) Administration of DATS or overexpression of 

CSE potentiated diabetic BMC-mediated angiogenesis. Left panel, representative 

photomicrographs of CD31 staining (green) on ischemic skeletal muscle sections for 

examining capillaries density; Right panel, the average number of capillary/high-power 

visual field. (B) Administration of DATS or overexpression of CSE potentiated diabetic 

BMC-mediated neovascularization. Left panel, representative photomicrographs of α-SMA 

staining (red) on ischemic skeletal muscle sections for examining arteriole density; Right 

panel, the average number of arterioles/high-power visual field. Nuclei were stained with 

DAPI (blue). (C) Administration of DATS or overexpression of CSE in diabetic BMCs 

prevented ischemic hindlimb necrosis/loss. n=5–7, *p<0.05 vs db/+ mice; †p<0.05 vs db/db 
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mice; ‡p<0.05 vs db/db+BMCs; #p<0.05 vs db/db+DATS. BMCs, bone marrow cells; HLI, 

hind limb ischemia; HVF, high-power visual field; α-SMA, α-smooth muscle actin.

Cheng et al. Page 21

Circulation. Author manuscript; available in PMC 2017 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Administration of DATS or overexpression of CSE potentiated BMC-mediated skeletal 
muscle architecture recovery and inhibition of CD68+ cell infiltration in perivascular space in 
IHL of db/db mice
Diabetic db/db mice received BMCs or CSE-BMCs by local intramuscular injection (5×105) 

immediately following left femoral artery ligation. DATS (2 mg/kg/day) was given by 

gavage started on the first day post-ligation for 3 weeks. Ischemic skeletal muscle was 

collected at 21 days post-ligation for analysis. (A) Administration of DATS or 

overexpression of CSE potentiated BMC-mediated skeletal muscle architecture recovery. 

H&E staining of ischemic skeletal muscle sections. (B) Administration of DATS or 

overexpression of CSE potentiated BMC-mediated inhibition of CD68+ cell infiltration in 

perivascular space. Left panel, representative images of CD68+ cell staining (brown, DAB 

staining) on ischemic skeletal muscle sections; Right panel, the average number of CD68+ 

cells/high-power visual field. n=3–5, *p<0.05 vs db/+ mice; †p<0.05 vs db/db mice; 

‡p<0.05 vs db/db+BMCs; #p<0.05 vs db/db+DATS. BMCs, bone marrow cells; HVF, high-

power visual field.
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Figure 5. DATS or overexpression of CSE potentiated BMC-mediated cell survival and 
engraftment of transplanted BMCs into vascular structure in IHL of db/db mice
(A) DATS or overexpression of CSE potentiated BMC-mediated cell survival. Left panel, 

representative photomicrographs of TUNEL staining (red) of ischemic skeletal muscle; 

Right panel, the average number of TUNEL+ cells/high-power visual field. (B) CSE 

overexpression enhanced engraftment of transplanted BMCs into vascular structure. 

Representative photomicrographs of GFP (green)/lectin (yellow) and RFP (red)/lectin 

(yellow). Nuclei were stained with DAPI (blue). Ischemic skeletal muscle was collected at 

21 day post-ligation. n=3–5, *p<0.05 vs db/+ mice; †p<0.05 vs db/db mice; ‡p<0.05 vs 

db/db+BMC; #p<0.05 vs db/db+DATS. BMCs, bone marrow cells; HVF, high-power visual 

field.
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Figure 6. DATS or overexpression of CSE rescued HG-impaired HCMVECs tube formation and 
migration
Human cardiac microvascular endothelial cells (HCMVECs) were treated with normal 

concentration of D-glucose (NG, 5 mM) or indicated concentrations of D-glucose (HG) in 

the presence or absence of DATS (10 μM) for 48 hrs. Intracellular H2S was detected with 25 

μM SF-7AM stain for 30 minutes. (A) High concentrations of D-glucose (HG) decreased 

H2S production in HCMVECs dose-dependently. DATS restored HG-induced H2S. Left 

panel, representative photomicrographs of intracellular H2S production in live HCMVECs; 

Right panel, relative quantification of H2S production. (B) HG decreased CSE levels in 

HCMVECs in a dose-dependent manner. Upper panel, representative CSE, MPST and CBS 
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protein levels in HCMVECs; lower panel, relative quantification of CSE protein levels. 

HCMVECs were treated with NG or indicated concentrations of HG for indicated times. (C) 
CSE siRNA knocked down CSE levels, whereas CSE lentivirus significantly increased in 

HCMVECs. (D); and (E) administration of DATS (10 μM, 48 hrs) and overexpression of 

CSE prevented HG (50 mM, 48 hrs)-impaired HCMVECs tube formation. Silencing CSE by 

CSE siRNA significantly impaired HCMVECs tube formation. (F) DATS (10 μM, 48 hrs) 

rescued HG (50 mM, 48 hrs)-impaired HCMVECs migration. CSE inhibitor DL-Propargyl 

Glycine (PAG, 100 μM, 48 hrs) significantly impaired HCMVECs migration. Relative 

quantification of number of migrated HCMVECs by scratch wound assay (Supplementary 

Figure 6). Cell migration was quantified by covered area of migrated cells/per field. For 

silencing of CSE, HCMVECs were treated with CSE siRNA (60 nM) for 72 hrs; for 

overexpressing CSE gene, HCMVECs were treated with CSE lentivirus (MOI; 1) plus 

polybrene (8 μg/ml) for 48 hrs. n=3–5, *p<0.05 vs NG-treated HCMVECs (CT); **p<0.05 

vs 25 mM DG-treated HCMVECs; ***<0.05 vs 37.5 mM DG-treated HCMVECs; †p<0.05 

vs 50 mM DG-treated HCMVECs. DG, D-glucose; HCMVECs, human cardiac 

microvascular endothelial cells; HVF, high-power visual field; lenti, lentivirus.
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Figure 7. DATS rescued HG-reduced nitric oxide production via downregulation of eNOS-pT495 
in HCMVECs
HCMVECs were treated with normal concentration of D-glucose (NG, 5 mM) or HG (50 

mM) in the presence or absence of DATS (10 μM), and NaHS (100 μM) for 48 hrs. 

HCMVECs treated with L-NAME (100 μM) for 0.5 hr were used as negative controls. For 

silencing of CSE, HCMVECs were treated with CSE siRNA (20 and 60 nM) for 72 hrs. (A) 
DATS and NaHS rescued high glucose (HG)-induced nitric oxide (NO) reduction in 

HCMVECs. Left panel, representative photomicrographs of intracellular NO production in 

live HCMVECs; Right panel, relative quantification of NO. NO levels were assayed by 

staining with fluorescence probe DAF-FM (10 μM) for 30 minutes. (B) DATS significantly 

reduced HG (50 mM, 48 hrs)-induced eNOS-pT495. Representative eNOS-pT495 and total 

eNOS levels and relative quantification of eNOS-pT495/total eNOS. (C) DATS did not 
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rescue HG (50 mM, 48 hrs)-reduced eNOS-pS1177. Representative eNOS-pS1177 and total 

eNOS levels and relative quantification of eNOS-pS1177/total eNOS. (D) HG significantly 

increased eNOS-pT495 expression in the cytoplasm of HCMVECs which was rescued by 

DATS. Upper panel, representative photomicrographs of eNOS-pT495 (red); lower panel, 

relative quantification of eNOS-pT495 levels. (E) Silencing of CSE by CSE siRNA in 

HCMVECs increased eNOS-pT495 level dose-dependently, but eNOS-pS1177 level was not 

affected. Representative CSE, CBS, MPST, eNOS-pT495, eNOS-pS1177 and GAPDH 

protein levels in HCMVECs treated with indicated concentrations of CSE siRNA. A 

negative control (NC-siRNA) was used at a final concentration of 60 nM according to the 

manufacturer’s instructions. n=3–5, *p<0.05 vs NG-treated HCMVECs (CT); †p<0.05 vs 50 

mM DG-treated HCMVECs. DAF-FM, 4-Amino-5-Methylamino-2′,7′-Difluorofluorescein; 

eNOS, endothelial nitric oxide synthase; eNOS-pS1177, eNOS phosphorylation at serine 

1177; eNOS-pT495, eNOS phosphorylation at threonine 495; HCMVECs, human cardiac 

microvascular endothelial cells; L-NAME, L-NG-nitroarginine methyl ester; NO, nitric 

oxide.
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Figure 8. HG-impaired tube formation by incorporation of HG-treated BMCs and ECs was 
rescued by DATS
(A) Identification of MMVECs. MMVECs isolated from lung of non-diabetic db/+ mice 

(p3) were identified by endothelial marker vWF (red, Von Willebrand factor) and CD31 

(green). Nuclei were stained with DAPI (blue, 4′,6-Diamidino-2-Phenylindole). MMVECs 

were isolated from 12–14-week non-diabetic db/+ mice using collagenase. (B) HG-treated 

BMCs exacerbated HG-impaired MMVECs tube formation, which was rescued by DATS. 

For exploring the BMC migratory phenotype, a novel tube formation assay assessing the 

ability of BMCs to incorporate into tube formation of MMVECs was examined. BMCs were 

isolated from 12–14-week non-diabetic db/+ mice by gradient centrifugation. BMCs and 

MMVECs were treated with NG (5 mM) and/or HG (50 mM) in the presence or absence of 

DATS (10 μM) for 48 hrs. Then the BMCs were labeled with PKH67 (green) and mixed 

with MMVECs for tube formation. (C) Schematic representation of mechanisms of 

diabetes-mediated BMC dysfunction and impaired blood perfusion in IHL. n=3, *p<0.05 vs 

NG-treated BMCs and MMVECs; †p<0.05 vs HG-treated BMCs+NG-treated MMVECs; 

‡p<0.05 vs HG-treated BMCs+HG-treated MMVECs. BMCs, bone marrow cells; 

MMVECs, mouse microvascular endothelial cells.
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