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Diabetic ulcers are one of themost serious and costly chronic complications for diabetic patients. Hyperglycemia-induced oxidative
stressmay play an important role in diabetes and its complications.The aimof the studywas to explore the effect of heme oxygenase-
1 on wound closure in diabetic rats. Diabetic woundmodel was prepared by making an incision with full thickness in STZ-induced
diabetic rats. Wounds from diabetic rats were treated with 10% hemin ointment for 21 days. Increase of HO-1 protein expression
enhanced anti-inflammation and antioxidant in diabetic rats. Furthermore, HO-1 increased the levels of VEGF and ICAM-1
and expressions of CBS and CSE protein. In summary, HO-1 promoted the wound closure by augmenting anti-inflammation,
antioxidant, and angiogenesis in diabetic rats.

1. Introduction

Patients with diabetes customarily suffer from chronic non-
healing ulcers, which is one of the most serious and costly
complications of diabetes [1]. It is estimated that over fifteen
percent of diabetic patients will develop lower extremity
ulcer, which is more likely to lead to amputation. Amputation
is a major cause of high mortality in diabetic patients [2,
3]. The pathogenesis of chronic diabetic ulcers is complex
and still far from being fully understood; thus methods
of effective treatment are lacking. However, it is widely
appreciated that peripheral vasculopathy and neuropathy
increased infection of diabetic wounds and impaired wound
healing process [4]. Oxidative stress resulting from hyper-
glycemia can injure vessels by producing excessive reactive
oxygen species (ROS) and cause vasculopathy known as
diabetic vascular complications [5–7]. Impaired vessels lead
to peripheral microcirculation and coagulation failure, which
aggravate the development of diabetic ulcer [8–10].Therefore,
it may be beneficial to chronic wound healing by increasing

antioxidant and angiogenesis/vasculogenesis, which allevi-
ates impairment of vessels and improves microcirculation.

Heme oxygenase-1, an inducible enzyme, degrades heme
into biliverdin, carbon monoxide (CO), and ferrous iron.
HO-1 protein expression can be induced by ubiquitous stim-
uli not only cytokines and growth factors but also heme (its
substrate) and antioxidant. HO-1 and the heme catabolism
play pleiotropic effects in preventing injury caused by many
diseases [11–15]. Considerable studies showed that HO-1 pos-
sesses cytoprotective, proangiogenic, and anti-inflammatory
effects in cardiovascular diseases [16–18]. Biliverdin can be
transformed into bilirubin catalyzed by NADPH biliverdin
reductase. Bilirubin and biliverdin are powerful antioxidants
[19]. Carbon monoxide (CO), known as a gaseous signal-
ing molecule, executes various biological functions such as
reducing oxidative stress and regulating inflammation [20].

Hydrogen sulfide (H
2
S) is known for its odor and poison,

butmassive evidences have indicated that it possesses various
important roles in physiology and pathophysiology. The
same as nitric oxide (NO) and carbon monoxide (CO),
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hydrogen sulfide is regarded as a gaseous signaling molecule.
Increasing studies indicate that hydrogen sulfide executes
various biological functions such as reducing oxidative stress
[21, 22] and regulating inflammation [23]. Our previous study
suggests that hydrogen sulfide accelerates the wound healing
in rats with diabetes [24].

In the present study, we aimed to evaluate the effects
of increased expression of HO-1 protein on delayed wound
healing via examining the change of inflammatory cytokines
such as TNF-𝛼 and IL-6, antioxidant, and angiogenesis in
diabetic rats.

2. Materials and Methods

2.1. Materials. Chloral hydrate, streptozotocin, hemin, and
a horseradish peroxidase-conjugated secondary anti-rabbit
antibody were purchased from Sigma (Sigma Chemical Co.,
St. Louis, MO, USA). Rabbit polyclonal antibodies 𝛽-actin,
CYP-5 were purchased from Bio Basic Inc. (Canada), and
HO-1, TNF-𝛼, IL-6, CBS, and CSE were obtained from
Wuhan Boster Bioengineering Limited Company (Wuhan,
China).

2.2. Animals and Preparation of Diabetic Rats. Male Sprague-
Dawley (SD) rats weighing 240–280 g were provided by the
Animal Experimental Center in Wannan Medical College.
All animal experiments were in compliance with Chinese
Community guidelines for the use of experimental animals.
Animals were raised in temperature-controlled animal lab-
oratory with 22 ± 2∘C and a twelve-hour alternate between
light and dark. After 1 week, fasting rats were intraperi-
toneally injected with streptozotocin (STZ, freshly dissolved
in 0.1mol/L ice-cold sterile citric acid-sodium citrate buffer,
pH4.5) at dose of 65mg/kg. Seventy-two hours after injection
of STZ, fasting blood glucose was determined to confirm dia-
betes. Rats with blood glucose concentration >16.7mmol/L
were considered to have type 1 diabetes.

2.3. Preparation of Wounding in Rats. Two weeks after STZ
treatment, the animals were randomly assigned to three
groups: nondiabetic control rats (NDC); diabetic rats treated
with vehicle (DTV); diabetic rats treated with hemin (DTH).
Rats were housed individually with standard pellet diet and
water ad libitum. Animals were anaesthetized with 10%
chloral hydrate by intraperitoneal injection at a dose of
300mg/kg. The hind dorsum was shaved and disinfected
with 75% ethanol. A circular incision with full thickness was
created on the dorsum skin from each rat. The wounds from
NDC andDTV rats were treated with control cream, and rats
from DTH group received 10% hemin ointment on wound.
The sizes of the wounds were measured on days 5, 10, 15, and
20, respectively. Twenty-one days after ointment treatment,
the rats were anaesthetized with chloral hydrate (300mg/kg
i.p.) and sacrificed, and fasting blood samples and granulation
tissues from wound were collected for biochemical analyses.

2.4. Measurement of Wound Closure Rate. The wounds from
each individual rat were digitally snapped.Thewound closure

in this experiment was quantified with Image-Pro Plus 5
software.The rate of wound closure was expressed as the ratio
of wound closure: the wound closure rate (%) = (initial area
− detected area)/initial area × 100%.

2.5.Measurement of Antioxidant. Fasting blood sampleswere
centrifuged at 1300×g for separation of serum. Serum was
used to determine MDA content and SOD activity by com-
mercially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.6. Determination of VEGF and ICAM-1. Serum VEGF and
ICAM-1 levels were determined with rat VEGF and ICAM-
1 specific ELISA kit (Hefei Bomei Biotechnology Co., Ltd.,
China) according to kit instruction. The concentrations of
VEGF and ICAM-1 in serum were expressed as ng/L and
pg/mL, respectively.

2.7. Analyses of Coagulation. Prothrombin time, thrombin
time, and fibrinogen were determined on semiautoanalyzer
by the enzymatic colorimetric methods (STAGO, France)
according to kit instruction.

2.8. Analyses of Histology. Wound samples were collected
for histological study. Fixed wound tissues in 4% neutral
formalinwere embedded in paraffin and then sectioned at the
thickness of fivemicrons for Hematoxylin-Eosin (H-E) stain-
ing. Stained sectionswere used to evaluate reepithelialization,
granulation tissue under a light microscope. The small blood
vessels in wounds were counted in high power field.

2.9. Western Blotting. Wound tissues (0.2 g) were harvested
and lysed in 2mL of ice-cold lysis buffer with 2mmol/L
PMSF, 100mmol/L Na

4
P
2
O
7
, 50mmol/L HEPES, 10mmol/L

EDTA, 100mmol/L sodium fluoride, 10mmpl/L sodium
orthovanadate, and protease inhibitor mixture for 15min.
Lysate was centrifuged at 13,000 g for 20min at 4∘C. Proteins
denatured in supernatants were electrophoretically separated
on an 8% stacking gel and following 12% sodium dodecyl
sulfate-polyacrylamide gel and then transferred to 0.2-𝜇m
nitrocellulose membranes. The membranes were blocked in
TBS-T (10mmol/L Tris, 150mmol/L NaCl, and 0.1% Tween
20, pH 7.5) with 5% nonfat milk for 2 hours at room
temperature and incubated with rabbit polyclonal antibodies
𝛽-actin (1 : 1000), CYP-5 (1 : 1000) (Bio Basic Inc., Canada),
HO-1 (1 : 300), TNF-𝛼 (1 : 400), IL-6 (1 : 400), CBS (1 : 400),
and CSE (1 : 400) (Wuhan Boster Bioengineering Limited
Company, China) in TBS-T with 5% nonfat milk overnight
at 4∘C. After the membranes were extensively washed,
a horseradish peroxidase-conjugated secondary anti-rabbit
antibody (1 : 10 000 dilution; Sigma Chemical Co., St. Louis,
MO, USA) was added and incubated for 2 hours. After being
rinsed three times, the membranes were visualized by DAB
(Bio Basic Inc., Canada).

2.10. Statistical Analysis. Data were presented as mean ± SE.
Differences between the groups were analyzed with one-
way analysis of variance (ANOVA) using least significance
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Table 1: Effects of HO-1 on closure rate of wound.

NDC DTV DTH
Day 5 23.0 ± 3.3 13.3 ± 3.3∗∗ 20.6 ± 2.8##

Day 10 54.3 ± 4.0 33.2 ± 5.8∗∗ 56.1 ± 6.6##

Day 15 81.7 ± 3.8 50.6 ± 8.0∗∗ 84.6 ± 4.1##

Day 20 95.9 ± 3.1 74.8 ± 7.6∗∗ 96.3 ± 3.9##
∗∗
𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV.

Table 2: Effects of HO-1 on coagulation activity.

NDC DTV DTH
PT (s) 12.3 ± 0.7 10.1 ± 0.6∗∗ 11.1 ± 0.5##

TT (s) 29.4 ± 2.1 20.8 ± 2.7∗∗ 27.1 ± 2.1##

Fibrinogen (mg/mL) 1.85 ± 0.16 2.96 ± 0.25∗∗ 1.19 ± 0.18##
∗∗
𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV.

difference and 𝑡-test. Values of 𝑃 < 0.05 were considered
significant.

3. Results

3.1. General Characteristics. After injection of STZ, rats
showed an increased concentration of fasting blood glucose
and diabetic signs such as polyuria, increased water con-
sumption, and weight loss.

3.2. Effects of Heme Oxygenase-1 on Wound Healing. The
wound closure was observed by measuring the change of
the wound area and checking macroscopic differences of the
wounds. The wounds were swelling and purulent and the
closure rate of the woundwas not significantly different in the
next two days. Compared with DTV rats, heme oxygenase-1
significantly accelerated the wound closure rates from DTH
rats after 5 days (𝑃 < 0.01) (Table 1). Treatment of hemin,
an inductor of heme oxygenase-1, promoted the wound
reepithelialization in diabetic rats (Figure 1). At the end of the
experiment, the wounds from DTH rats were almost healed.

3.3. Effects of Heme Oxygenase-1 on Coagulation Activity.
The change of coagulation activity is one of the factors on
microcirculation, which play an important role in wound
healing. The results from the study indicated that sus-
tained hyperglycemia significantly shortened prothrombin
time (PT) and thrombin time (TT) and increased level of
fibrinogen in serum (𝑃 < 0.01) (Table 2). Compared with
DTV rats, hemin treatment significantly extended PT and
TT and reduced the level of fibrinogen in serum (𝑃 < 0.01)
(Table 2).

3.4. Change of Antioxidant Effects. HO-1 protein expression
was reduced in wound tissue from diabetic rats when com-
pared with NDC rats. Hemin treatment significantly induced
HO-1 protein expression. Decreased activity of SOD and
increased content ofMDAwere observed in diabetic rats (𝑃 <
0.01) (Figure 2). The inductor of HO-1 elevated the activity

of SOD and lessened MDA content (𝑃 < 0.01) (Figure 2) in
diabetic rats.

3.5. Effects of Heme Oxygenase-1 on the Inflammatory
Responses. The levels of TNF-𝛼 and IL-6 protein expression
were significantly increased in the granulation tissues from
DTV rats when compared with NDC rats (𝑃 < 0.01)
(Figure 3). Inductor ofHO-1 corrected the change.The results
from the present study indicated the increase in the number
of leucocytes and leukomonocytes (𝑃 < 0.05) (109/L,
4.08 ± 0.56 versus 23.41 ± 2.25; 2.94 ± 0.63 versus 13.36 ±
2.76), and leukocyte infiltration was present in the wounds
from DTV rats. Increase in the number of leucocytes and
leukomonocytes was reduced in DTH rats (𝑃 < 0.05) (109/L,
23.41 ± 2.25 versus 12.39 ± 0.94; 13.36 ± 2.76 versus 7.51 ±
0.74); there was almost no infiltration of leukocyte under the
microscope in granulation tissues from DTH rats.

Thromboxane synthase (TXS) is an enzyme which cat-
alyzes prostaglandin endoperoxide into thromboxanes. Our
result indicated that expression of TXS was increased in
wound tissues fromdiabetic ratswhen comparedwith control
rats (𝑃 < 0.05) (Figure 3), and expression of TXSwas reduced
in granulation from DTH rats compared with DTV (𝑃 <
0.05) (Figure 3).

3.6. Effects of HemeOxygenase-1 on Angiogenesis. To estimate
microcirculation, we checked the number of the small vessels
in the wound under microscope. The results showed that
fewer vessels were observed in the granulation tissues from
DTV rats compared with NDC rats (𝑃 < 0.05) (Figure 4).
The number of vessels was near to normal in DTH rats. Fur-
thermore, decreased levels of VEGF and ICAM-1, cytokines
which affect angiogenesis, were observed in DTV rats when
compared with NDC rats (𝑃 < 0.05) (Figure 4). Reduced
levels of VEGF and ICAM-1were improved by treatmentwith
hemin (𝑃 < 0.05) (Figure 4).

3.7. Effects of Heme Oxygenase-1 on CSE and CBS Pro-
tein Expression. To explore the beneficial effect of heme
oxygenase-1 on wound healing in diabetic rats and its
possible mechanism, CSE and CBS protein expressions were
determined. The results revealed that diabetes reduced the
expressions of CSE and CBS protein (𝑃 < 0.05) (Figure 5),
while the inductor of HO-1 restored diabetes-induced loss of
CSE and CBS protein expression (𝑃 < 0.05) (Figure 5).

4. Discussion

In the present study, we evaluated the effect of induction of
HO-1 on wound healing in diabetic rats. Our results showed
that hyperglycemia impaired cutaneous wound closure from
diabetic rats. Induction of HO-1 accelerated delayed wound
closure by reducing inflammatory cytokines such as TNF-𝛼,
IL-6, increasing antioxidant, and improving angiogenesis in
wound tissues from diabetic rats. Furthermore, inductor of
HO-1 increased expression of CBS and CSE protein.

Poor wound healing represents one of the most seri-
ous diabetic complications. Sustained hyperglycemia impairs
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(a) (b) (c)

Figure 1: Photomicrographs of H-E staining in the wound tissue of each group (×100). (a) Nondiabetic control rats showed reepithelialization
around thewound. (b) Inflammatory cell infiltrationwas observed in the wound fromdiabetic rats treatedwith vehicle. (c) Reepithelialization
was observed in the wound from diabetic rats treated with hemin.
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Figure 2: HO-1 enhanced antioxidant effects in diabetic rats. (a) Activity of SOD in serum was significantly corrected by induction of HO-1
in diabetic rats (∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV). (b) Induction of HO-1 reduced MDA content in serum from diabetic rats
(∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV). (c) Expressions of HO-1 were determined. (d) Relative level of HO-1 was increased in
diabetic rats treated with hemin (∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV).

endothelial cells and leads to vascular dysfunction inwounds.
Ischemia results in a serious infection and impairs formation
of granulation tissue in diabetic wounds [25]. Therefore, the
therapeutic angiogenesis is beneficial to wound healing in
diabetes. Previous study verified that engraftment of bone
marrow progenitor cells (BM-PCs) can stimulate angiogen-
esis and cell proliferation and promote wound closure in

diabetic mice [26]. Excisional wound models have become
effective methods of preclinical testing in diabetic animals
[27].

Considerable evidence from both animal models and
clinic indicates that oxide stress plays an important role in
the occurrence and development of disease. Oxide stress
results from excessive ROS and reduced antioxidant, which
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Figure 3: Induction of HO-1 elevated anti-inflammation in diabetic rats. HO-1 decreased expressions and relative levels of TNF-𝛼 ((a) and
(d)), IL-6 ((b) and (e)), and TXS ((c) and (f)) ( ∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV).

impairs vascular function [28, 29]. Sustained hyperglycemia
can result in an increase of ROS production by various
mechanisms, which aggravates oxide stress. Therefore, var-
ious tissues are easier to be damaged by ROS, and wound
closure is impaired bymicrocirculatory disturbance resulting
from injury of vessels in diabetes. Some studies showed

that antioxidants and radical scavenger can improve diabetic
complications and various diseases related to impairment
of ROS [30, 31]. HO-1, called HSP 32, is thought to be an
antioxidant enzyme [32]. HO-1 has protective effects on cells
and various tissues by its antioxidant [29]. Our previous study
suggested that increased expression of HO-1 can improve
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Figure 4: HO-1 ameliorated angiogenesis in granulation tissues fromdiabetic wounds. (a)The number of vessels was increased in granulation
tissues from diabetic wounds treated with hemin (∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV). ((b) and (c)) HO-1 increased levels of
VEGF and ICAM-1 in serum from diabetic rats (∗∗𝑃 < 0.01 versus NDC; ##𝑃 < 0.01 versus DTV).

diabetic complications [30]. In the study, our results showed
that HO-1 protein expression was reduced in wound tissue,
whileMDA, a product of lipid peroxidation, was significantly
increased, and the activity of SOD was decreased in serum
from diabetic rats. Furthermore, wound closure rate was
declined. HO-1 was induced by hemin in the present study,
and results showed that induction ofHO-1 acceleratedwound
closure from diabetic rats. These suggested that enhanced
antioxidant in wound from diabetic rats was in favor of
wound closure.

Wound healing is a complex pathophysiological process
involved with physiological events such as inflammation,
angiogenesis, and reepithelialization. However, wound heal-
ing in diabetes was impaired bymany factors including infec-
tion, hypoxia, and excess inflammation.Delayedwound heal-
ing is associated with increased inflammatory cytokines in
diabetes [33–35]. Chronic inflammatory response increases
wound infection in diabetic patients, which results in failure
of diabetic wound to heal [36]. Previous studies showed
that antioxidant treatment improves the delayed healing in
diabetic wound via decreasing inflammatory response [37]. It
has been showed that HO-1 is beneficial to cut down inflam-
matory process through reducing ROS production [38]. To
examine the effect of HO-1 on the inflammatory response,

we investigated the changes in expression of cytokines related
with inflammatory response including TNF-𝛼 and IL-6. Our
results suggested that elevated level of HO-1 downregulated
the expressions of TNF-𝛼 and IL-6. Thromboxane synthase
(TXS) is a hemoprotein with feature of the cytochrome P-
450 family which catalyzes prostaglandin endoperoxide into
thromboxanes [39]. Thromboxane production is increased
in various inflammatory and cardiovascular diseases [40,
41]. It has been shown that thromboxane can activate and
aggregate platelet and regulate vasoconstriction. Therefore,
thromboxane exerts a vital effect in cardiovascular diseases
such as coronary artery syndrome, atherosclerosis, and vessel
remodeling [42–44]. Some thromboxane synthase inhibitors
have been used in treatment of cardiovascular diseases
through their anti-inflammation [45, 46]. In the present
study, our results showed that TXS protein expression was
increased in wound tissues from diabetic rats. While wounds
were treated with hemin in diabetic rats, expression of TXS
protein was reduced in wound tissue. The findings suggested
that induction of HO-1 promoted wound healing via its anti-
inflammation.

Blood vessels were impaired by ROS and inflammatory
cytokine in diabetes, which led to disorder of coagulation
and anticoagulation, and peripheral circulation failure [9,
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Figure 5: HO-1 improved the expression of hydrogen sulfide synthase. HO-1 increased expressions and relative levels of CBS ((a) and (c))
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10]. Ischemia and hypoxia resulting from circulation failure
delayed the wound healing in diabetes. Therefore, improve-
ment of circulation failure by angiogenesis and homeostasis
between coagulation and anticoagulationmay play an impor-
tant role in diabetic wound healing. Our results indicated
that the number of capillaries was increased in granulation
tissue from diabetic wound treated with inductor of HO-
1, which suggested that induction of HO-1 can promote
angiogenesis. Furthermore, an increase in level of VEGF was
found in diabetic rats treated with inductor of HO-1 when
comparedwith diabetic rats treatedwith vehicle. VEGF is one
of the key cytokines which increase vascular permeability,
mediate migration and proliferation of endothelial cells, and
thus stimulate angiogenesis [47–49]. In addition, level of
ICAM-1 was increased in diabetic rats treated with hemin
when compared with diabetic rats treated with vehicle.
ICAM-1 is an inducible transmembrane protein, which can
improve angiogenesis through regulating leukocyte adhesion
to endothelial cells and activation of endothelial cells [50, 51].
The findings indicated that induction of HO-1 can accelerate
wound closure via angiogenesis in diabetic wound.

Hydrogen sulfide (H
2
S) has been known as a physio-

logically and pathophysiologically active gasotransmitter [52,

53]. Endogenous hydrogen sulfide is generated by catalysis
of cystathionine beta-synthase (CBS) and cystathionine 𝛾-
lyase (CSE) [54]. Increasing evidence indicates that hydrogen
sulfide can exert antihypertensive effect through regulating
vasorelaxation and hemodynamics [55, 56] and effect on
diabetes and its complications, cardiovascular disease by its
antioxidant and anti-inflammation [21, 23]. Furthermore,
some studies show that hydrogen sulfide can regulate prolifer-
ation andmigration of endothelial cells to improve angiogen-
esis [57, 58]. Reduced expressions of CBS and CSE have been
found in diabetes [59]. In the present study, we demonstrated
that expressions of CBS and CSE were decreased in wound
tissues from diabetic rats, and induction of HO-1 increased
the expressions of CBS and CSE.

In conclusion, our results reveal the beneficial effects
of HO-1 on diabetic wound healing. HO-1 showed its anti-
inflammatory response and antioxidant activity. Further-
more, the protective effects of HO-1 may be associated with
its angiogenesis in granulation tissues from diabetic wounds.
In addition, production of hydrogen sulfide may be involved
in the effect of HO-1 on the wound healing in diabetes.
Our results suggest that it is significant to further study
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the precise mechanism of HO-1 to heal diabetic wound for
clinical application.

Conflict of Interests

All authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Qing-Ying Chen and Guo-Guang Wang contributed equally
to this work; they both are the first authors.

Acknowledgments

This study was supported by The Army Key Project (no.
BJN14C001), the National Natural Science Foundation of
China (no. 81172790), and initial funding ofWannanMedical
College (no. 06020204).

References

[1] E. S.Huang, A. Basu,M.O’Grady, and J. C. Capretta, “Projecting
the future diabetes population size and related costs for the
U.S.,” Diabetes Care, vol. 32, no. 12, pp. 2225–2229, 2009.

[2] A. Johannesson, G.-U. Larsson, N. Ramstrand, A. Turkiewicz,
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[18] A. Józkowicz and J. Dulak, “Effects of protoporphyrins on
production of nitric oxide and expression of vascular endothe-
lial growth factor in vascular smooth muscle cells and
macrophages,” Acta Biochimica Polonica, vol. 50, no. 1, pp. 69–
79, 2003.

[19] T. Jansen, M. Hortmann, M. Oelze et al., “Conversion of
biliverdin to bilirubin by biliverdin reductase contributes to
endothelial cell protection by heme oxygenase-1-evidence for
direct and indirect antioxidant actions of bilirubin,” Journal of
Molecular and Cellular Cardiology, vol. 49, no. 2, pp. 186–195,
2010.

[20] S. W. Ryter and A. M. K. Choi, “Heme oxygenase-1/carbon
monoxide: from metabolism to molecular therapy,” American
Journal of Respiratory Cell and Molecular Biology, vol. 41, no. 3,
pp. 251–260, 2009.

[21] T. P. Vacek, W. Gillespie, N. Tyagi, J. C. Vacek, and S. C. Tyagi,
“Hydrogen sulfide protects against vascular remodeling from
endothelial damage,” Amino Acids, vol. 39, no. 5, pp. 1161–1169,
2010.

[22] J. W. Calvert, S. Jha, S. Gundewar et al., “Hydrogen sulfide
mediates cardioprotection through nrf2 signaling,” Circulation
Research, vol. 105, no. 4, pp. 365–374, 2009.

[23] R. C. O. Zanardo, V. Brancaleone, E. Distrutti, S. Fiorucci, G.
Cirino, and J. L. Wallace, “Hydrogen sulfide is an endogenous
modulator of leukocyte-mediated inflammation,” The FASEB
Journal, vol. 20, no. 12, pp. 2118–2120, 2006.

[24] G. G.Wang,W. Li, Q. Y. Chen, Y. X. Jiang, X.H. Lu, andX. Zhao,
“Hydrogen sulfide accelerates wound healing in diabetic rats,”
International Journal of Clinical and Experimental Pathology,
vol. 8, no. 5, pp. 5097–5104, 2015.

[25] R. Blakytny and E. Jude, “The molecular biology of chronic
wounds and delayed healing in diabetes,”DiabeticMedicine, vol.
23, no. 6, pp. 594–608, 2006.

[26] P. Fiorina, G. Pietramaggiori, S. S. Scherer et al., “Themobiliza-
tion and effect of endogenous bone marrow progenitor cells in
diabetic wound healing,” Cell Transplantation, vol. 19, no. 11, pp.
1369–1381, 2010.

[27] S. S. Scherer, G. Pietramaggiori, J. C. Mathews, R. Chan, P.
Fiorina, and D. P. Orgill, “Wound healing kinetics of the
genetically diabetic mouse,” Wounds, vol. 20, no. 1, pp. 18–28,
2008.



Journal of Diabetes Research 9

[28] D. J. Grieve, J. A. Byrne, A. C. Cave, and A. M. Shah, “Role
of oxidative stress in cardiac remodelling after myocardial
infarction,” Heart Lung and Circulation, vol. 13, no. 2, pp. 132–
138, 2004.

[29] B. Molavi and J. L. Mehta, “Oxidative stress in cardiovascular
disease: molecular basis of its deleterious effects, its detection,
and therapeutic considerations,”Current Opinion in Cardiology,
vol. 19, no. 5, pp. 488–493, 2004.

[30] G.-G. Wang, W. Li, X.-H. Lu, X. Zhao, and L. Xu, “Taurine
attenuates oxidative stress and alleviates cardiac failure in type
1 diabetic rats,” Croatian Medical Journal, vol. 54, no. 2, pp. 171–
179, 2013.

[31] R. Bassi, A. Vergani, F. D’Addio et al., “Positive effects of a novel
non-peptidyl low molecular weight radical scavenger in renal
ischemia/reperfusion: a preliminary report,” SpringerPlus, vol.
3, article 158, 2014.

[32] K. C. Manthey, Y. C. Chew, and J. Zempleni, “Riboflavin defi-
ciency impairs oxidative folding and secretion of apolipoprotein
B-100 in HepG2 cells, triggering stress response systems,”
Journal of Nutrition, vol. 135, no. 5, pp. 978–982, 2005.

[33] J. Doupis, T. E. Lyons, S. Wu, C. Gnardellis, T. Dinh, and A.
Veves, “Microvascular reactivity and inflammatory cytokines in
painful and painless peripheral diabetic neuropathy,” Journal of
Clinical Endocrinology & Metabolism, vol. 94, no. 6, pp. 2157–
2163, 2009.

[34] M. A. Haidara, D. P. Mikhailidis, M. A. Rateb et al., “Evaluation
of the effect of oxidative stress and vitamin E supplementation
on renal function in rats with streptozotocin-induced Type 1
diabetes,” Journal of Diabetes and Its Complications, vol. 23, no.
2, pp. 130–136, 2009.

[35] Z. Guo, Z. Xia, J. Jiang, and J. H. McNeill, “Downregulation
of NADPH oxidase, antioxidant enzymes, and inflammatory
markers in the heart of streptozotocin-induced diabetic rats
by N-acetyl-L-cysteine,”American Journal of Physiology—Heart
and Circulatory Physiology, vol. 292, no. 4, pp. H1728–H1736,
2007.

[36] E. Ho, G. Chen, and T. M. Bray, “Supplementation of N-
acetylcysteine inhibits NF𝜅B activation and protects against
alloxan-induceddiabetes inCD-1mice,”TheFASEB Journal, vol.
13, no. 13, pp. 1845–1854, 1999.

[37] A. M. Rasik and A. Shukla, “Antioxidant status in delayed
healing type of wounds,” International Journal of Experimental
Pathology, vol. 81, no. 4, pp. 257–263, 2000.

[38] N.-Y. Park and Y. Lim, “Short term supplementation of dietary
antioxidants selectively regulates the inflammatory responses
during early cutaneous wound healing in diabetic mice,” Nutri-
tion and Metabolism, vol. 8, article 80, 2011.

[39] T. Tanabe and V. Ullrich, “Prostacyclin and thromboxane
synthases,” Journal of Lipid Mediators and Cell Signalling, vol.
12, no. 2-3, pp. 243–255, 1995.

[40] E. M. Smyth, “Thromboxane and the thromboxane receptor
in cardiovascular disease,” Clinical Lipidology, vol. 5, no. 2, pp.
209–219, 2010.

[41] S. D. Katugampola and A. P. Davenport, “Thromboxane recep-
tor density is increased in human cardiovascular disease with
evidence for inhibition at therapeutic concentrations by theAT

1

receptor antagonist losartan,” British Journal of Pharmacology,
vol. 134, no. 7, pp. 1385–1392, 2001.

[42] S. Fuse and T. Kamiya, “Plasma thromboxane B2 concentration
in pulmonary hypertension associated with congenital heart
disease,” Circulation, vol. 90, no. 6, pp. 2952–2955, 1994.

[43] T. Kobayashi, Y. Tahara, M. Matsumoto et al., “Roles of throm-
boxane A

2
and prostacyclin in the development of atherosclero-

sis in apoE-deficient mice,”The Journal of Clinical Investigation,
vol. 114, no. 6, pp. 784–794, 2004.

[44] P. Gresele, H. Deckmyn, G. G. Nenci, and J. Vermylen, “Throm-
boxane synthase inhibitors, thromboxane receptor antagonists
and dual blockers in thrombotic disorders,” Trends in Pharma-
cological Sciences, vol. 12, pp. 158–163, 1991.

[45] H. Sakai, T. Suzuki, M. Murota et al., “E3040 sulphate, a
novel thromboxane synthase inhibitor, blocks the Cl− secretion
induced by platelet-activating factor in isolated rat colon,”
British Journal of Pharmacology, vol. 136, no. 3, pp. 383–390,
2002.

[46] B. D. Guth, H. Narjes, H.-D. Schubert, P. Tanswell, A. Riedel,
and G. Nehmiz, “Pharmacokinetics and pharmacodynamics of
terbogrel, a combined thromboxane A

2
receptor and synthase

inhibitor, in healthy subjects,” British Journal of Clinical Phar-
macology, vol. 58, no. 1, pp. 40–51, 2004.

[47] P. Wang, Z.-H. Xie, Y.-J. Guo et al., “VEGF-induced angiogen-
esis ameliorates the memory impairment in APP transgenic
mouse model of Alzheimer’s disease,” Biochemical and Biophys-
ical Research Communications, vol. 411, no. 3, pp. 620–626, 2011.

[48] C. Hou, L. Shen, Q. Huang et al., “The effect of heme oxygenase-
1 complexed with collagen on MSC performance in the treat-
ment of diabetic ischemic ulcer,” Biomaterials, vol. 34, no. 1, pp.
112–120, 2013.

[49] R. Roskoski Jr., “VEGF receptor protein-tyrosine kinases:
structure and regulation,” Biochemical and Biophysical Research
Communications, vol. 375, no. 3, pp. 287–291, 2008.

[50] A. K. Hubbard and R. Rothlein, “Intercellular adhesion
molecule-1 (ICAM-1) expression and cell signaling cascades,”
Free Radical Biology and Medicine, vol. 28, no. 9, pp. 1379–1386,
2000.

[51] T. A. Springer, “Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm,” Cell, vol. 76, no.
2, pp. 301–314, 1994.

[52] Y. Kimura and H. Kimura, “Hydrogen sulfide protects neurons
from oxidative stress,” The FASEB Journal, vol. 18, no. 10, pp.
1165–1167, 2004.

[53] N. L. Whitfield, E. L. Kreimier, F. C. Verdial, N. Skovgaard,
and K. R. Olson, “Reappraisal of H

2
S/sulfide concentration in

vertebrate blood and its potential significance in ischemic pre-
conditioning and vascular signaling,” The American Journal of
Physiology—Regulatory Integrative and Comparative Physiology,
vol. 294, no. 6, pp. R1930–R1937, 2008.

[54] R. Wang, “The gasotransmitter role of hydrogen sulfide,”
Antioxidants and Redox Signaling, vol. 5, no. 4, pp. 493–501,
2003.

[55] L. Li, M. Whiteman, Y. Y. Guan et al., “Characterization
of a novel, water-soluble hydrogen sulfide-releasing molecule
(GYY4137): new insights into the biology of hydrogen sulfide,”
Circulation, vol. 117, no. 18, pp. 2351–2360, 2008.
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