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Short term supplementation of dietary
antioxidants selectively regulates the
inflammatory responses during early cutaneous
wound healing in diabetic mice
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Abstract

Background: Diabetic foot ulcers are serious complications for diabetic patients, yet the precise mechanism that
underlines the treatment of these diabetic complications remains unclear. We hypothesized that dietary antioxidant
supplementation with vitamin C, combined either with vitamin E or with vitamin E and NAC, improves delayed
wound healing through modulation of blood glucose levels, oxidative stress, and inflammatory response.

Methods: Diabetes was induced by administration of alloxan monohydrate. Mice were divided into 4 groups; CON
(non-diabetic control mice fed AIN 93 G purified rodent diet), DM (diabetic mice fed AIN 93 G purified rodent diet),
VCE (diabetic mice fed 0.5% vitamin C and 0.5% vitamin E supplemented diet), and Comb (diabetic mice fed 0.5%
vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented diet). After 10 days of dietary antioxidant supplementation,
cutaneous full-thickness excisional wounds were performed, and the rate of wound closure was examined. TBARS
as lipid peroxidation products and vitamin E levels were measured in the liver. Expression levels of oxidative stress
and inflammatory response related proteins were measured in the cutaneous wound site.

Results: Dietary antioxidant supplementation improved blood glucose levels and wound closure rate and
increased liver vitamin E, but not liver TBARS levels in the diabetic mice as compared to those of the CON. In
addition, dietary antioxidant supplementation modulated the expression levels of pI�Ba, HO-1, CuZnSOD, iNOS and
COX-2 proteins in the diabetic mice.

Conclusions: These findings demonstrated that delayed wound healing is associated with an inflammatory
response induced by hyperglycaemia, and suggests that dietary antioxidant supplementation may have beneficial
effects on wound healing through selective modulation of blood glucose levels, oxidative stress, and inflammatory
response.
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Introduction
Diabetes mellitus (DM) is a disease in which injury of per-
ipheral tissue is induced by oxidative stress caused by
chronic hyperglycaemia. The number of DM patients is
now approximately 250 million people and is expected to
reach 400 million by 2025 [1]. It is known that the devel-
opment of diabetes and its complications are accompanied
by an increase in oxidative stress and inflammatory

response. In particular, foot ulcers are one of the major
complications of diabetes, caused by neuropathic and vas-
cular complications. Mortality from diabetes is mainly
associated with foot ulcers and amputations, which remain
common, along with serious complications, including an
impaired wound healing process.
During the inflammatory stage, the first stage in the

wound healing process, neutrophils and macrophages
infiltrate the wound site and phagocytose infectious
agents and fragments of tissue degradation release pro-
teases and various reactive oxygen species (ROS) into the
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wound environment [2]. They also are both major
sources and targets of pro-inflammatory cytokines such
as IL-1b and TNF-a, which have been shown to be key
mediators by promoting NF�B activation and ROS pro-
duction during cutaneous inflammatory processes [3].
ROS plays crucial roles in cell signaling and immune
response but causes oxidative stress at higher levels dur-
ing wound healing. Therefore, regulation of oxidative
stress and inflammatory response is an important factor
in cutaneous wound healing.
Diabetic patients have impaired wound healing, which

is considered as chronic and delayed healing if it con-
tinues beyond 8 weeks [4]. They are thus more prone to
develop foot ulcers resulting from a variety of factors
including a peripheral circulation failure, modified leuko-
cyte function and cytokine production, and even chronic
hyperglycaemia itself [5-7]. Delayed wound healing in
diabetes not only reduces insulin sensitivity and the
occurrence of glycosylation of various proteins, enzymes,
and insulin caused by hyperglycaemia, but also raises oxi-
dative stress and decreases antioxidant defense systems
[8,9]. Furthermore, ROS production caused by wounds
themselves aggravates oxidative stress accompanied by a
deteriorated antioxidant condition. To improve wound
healing and healing of foot ulcers in diabetes, a proper
understanding of mechanisms leading to diabetic ulcers
is required. At the cellular levels, previous studies
observed an absence of the transforming growth factor
(TGF)-b1 and the insulin-like growth factor (IGF)-1, as
well as increased levels of matrix metalloproteinases and
decreased levels of their inhibitors [7]. The levels of pro-
inflammatory cytokines and inflammatory mediators,
such as TNF-a, IL-6, iNOS, and COX-2, were increased
in diabetes [10-13]. The abnormal metabolism of diabetes
causes insufficient migration of inflammatory cells to the
wounds, accompanied with decreased chemotaxis of leu-
kocytes [14], which is contributory to delayed wound
healing in chronic diabetic foot ulcers. Therefore, there
are highly infectious risks caused by retarded or chronic
inflammatory responses of wounds in diabetic patients.
In previous studies, diabetic wounds showed lower levels
of catalase, glutathione (GSH), vitamin C, and vitamin E
[15]. In addition, supplementation with N-acetylcysteine
(NAC), a precursor of GSH, attenuated the severity of
diabetes and inhibited the over-activation of NF�B [16],
and GSH treatment aided the delayed healing process in
diabetes [15]. a-tocopherol reduced plasma malondialde-
hyde (MDA) levels, increased activities of antioxidant
enzymes, such as superoxide dismutase (SOD) and GSH
peroxidase, and promoted the wound healing process
[17,18]. Based on the previous studies, the beneficial
effects of a single antioxidant nutrient were limited in
diabetes or wound occurrences. Also, little research using
a dietary antioxidant combination as a modulator of early

inflammatory response during the wound healing process
has been conducted. We hypothesize that a combination
of antioxidant nutrients, which have previously shown
synergetic effects, can accelerate delayed cutaneous
wound healing through a modulation of inflammatory
responses.

Methods
Diabetes induced Animals
Female ICR mice (5.5 weeks old) were purchased from
the Central Lab. (Seoul, Republic of Korea). The mice
were individually housed in polycarbonate shoebox type
cages with wire tops in a room maintained at 22 ± 1°C
and 50 ± 1% humidity on a 12-h light/dark cycle, with
free access to water and chow diet for 1 week. Diabetes
was induced by alloxan monohydrate (180 mg/kg body
weight, i.p. injection; Sigma-Aldrich, St Louis, MO, USA)
in 0.9% NaCl. Non-diabetic control mice were injected
with saline. After 5 days, the induction of diabetes was
confirmed by measuring fasting blood glucose levels and
monitoring for 10 days. Mice with a fasting blood glucose
level ≥ 250 mg/dl were used for this study. Glucose levels
were measured by a one-touch blood glucose meter (Life-
Scan Inc., Milpitas, USA) from the tail vein at the same
time to minimize the effect of diurnal fluctuation. All
mice were used in accordance with animal protocols
approved by the Kyung Hee University Institutional
Animal Care and Use Committee.

Experimental diets
Mice were divided into 4 groups that were fed different
antioxidant supplementation; i) Group 1 (CON): non-dia-
betic control mice were fed AIN 93 G Rodent purified
diet; ii) Group 2 (DM): diabetic mice were fed AIN 93 G
Rodent purified diet; iii) Group 3 (VCE): diabetic mice
were fed 0.5% vitamin C (L-ascorbic acid, > = 99.0%, Crys-
talline; Sigma-Aldrich) and 0.5% vitamin E ((+/-) a-toco-
pherol, synthetic, > = 96%; Sigma-Aldrich); and iv) Group
4 (Comb): diabetic mice were fed 0.5% vitamin C, 0.5%
vitamin E, and 2.5% NAC (N-acetyl-L-cysteine, Sigma
grade, > = 99%, Sigma-Aldrich) for 10 days.

Sample collection and preparation
Blood, wounds, and livers at 0 h (basal level), 24 h, 48 h,
and 72 h, after wounding, were collected. Blood samples
were taken using a 1 cc syringe with heparin and centri-
fuged at 3000 rpm for 10 min at 4°C. All samples were
kept at -80°C until processed.

Measurement of lipid peroxidation product in liver
The liver thiobarbituric acid reacting substances
(TBARS) level was measured as an index of lipid peroxi-
dation [19]. Briefly, liver homogenates were prepared in a
0.15 M potassium chloride buffer. A sample (200 ㎕) was
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added to 200 ㎕ of 8.1% SDS and placed in room tem-
perature for 10 minutes, and 3 ㎖ of a 20% acetic acid-
0.8% thiobarbituric acid (TBA) mixture and 600 ㎕ of
distilled water were added. The mixture was heated at
95°C for 1 hour in a boiling water bath. After cooling, a
mixture of 1 ㎖ distilled water and 5 ㎖ of n-butanol and
pyridine was added and shaken vigorously. After centrifu-
ging at 4000 rpm for 10 minutes, the light absorbance of
the supernatant was measured at 532 nm. 1,1,3,3-tetra-
methoxypropane was used as a standard and prepared at
concentrations in the range of 0~180 nM (0, 40, 60, 120,
160, and 180 nM).

Measurement of vitamin E level in the liver
The level of vitamin E in the liver was measured using a
high-performance liquid chromatography (HPLC) system
as previously described [20]. The mouse liver was homo-
genized in a lysis buffer. 0.5% butylated hydroxytoluene
(BHT) dissolved in methanol and hexan was added to the
homogenized solution and centrifuged at 3200 rpm for
20 minutes at 4°C. Subsequently, the suspension was eva-
porated under a stream of nitrogen after which methanol
was added. a-tocopherol was used as standard solution.

Wound biopsy
Full thickness excisional wounds were made on the back
of the mouse. The mice were, briefly, anesthetized with
isoflurane (Aerane liquid, Ilsung pharmaceuticals Co.,
LTD, Seoul, Republic of Korea) and the backs of all mice
were shaved using a hair clipper and then sterilized by
70% (v/v) ethanol. The wound biopsy model used in this
experiment has been previously described [21]. The full-
thickness excisional wounds were made on the folded skin
by a sterile biopsy punch (4 mm diameter, Kai medical,
Gifu City, Japan). The yielded two circular wounds on the
dorsum, below the shoulder blades of each mouse were
made to avoid self-licking.

Measurement of wound closure rate
Wounds in each individual mouse were photographed
digitally every day, beginning on the day of wounding (d
0) with a standard dot equivalent to the initial wound area
placed beside the wound. The quantification of wound
closure used in this experiment was previously described
[22]. Wound closure was quantified by Canvas 11SE soft-
ware (Deneba, Miami, FL, USA). The rate of wound clo-
sure was expressed as the ratio of wound area (each day
after wounding) compared to the initial wound area. A
smaller wound ratio indicated faster wound closure.

Western blotting assay
Skin was homogenized in a lysis buffer (containing
Trizma base, NaCl, 10% NP40, 10% Na-dedoxycholate,

100 mM EDTA, and 10% SDS) with a protease inhibitor
(1:200 v/v, Sigma Aldrich) and centrifuged at 16,000
rpm for 30 minutes at 4°C. The sample (60 μg protein)
was separated on 10% SDS PAGE gels and then trans-
ferred to the PVDF membrane. After blocking for 1
hour in 5% skim milk, the membranes were incubated
with specific monoclonal and polyclonal antibodies
against pI�Ba (Santa Cruz Biotechnology, Santa Cruz
CA, USA, 1:200), HO-1 (Stressgen, Victoria BC, Canada,
1:2000), CuZnSOD (Santa Cruz Biotechnology, 1:500),
iNOS (Stressgen, 1:2000), COX-2 (Transduction Labora-
tories, Lexington KY, USA, 1:250) and b-actin (Santa
Cruz Biotechnology, 1:800) overnight at 4°C, and then
incubated with a secondary antibody for 1 hour at room
temperature. The blots were detected by enhanced che-
miluminescence and measured by the Image J program.
b-actin was used for normalization of the target protein
expression in each sample.

Statistical analysis
All values are expressed as means ± SEM. Data were ana-
lyzed by 1-way ANOVA using SPSS (version 12) statistical
analysis program, and then differences among means were
analyzed using Duncan’s test. The relationships between
relative wound size and blood glucose levels were evalu-
ated by Pearson’s correlation coefficients. For all tests, dif-
ferences were considered significant at P < .05.

Results
Body weights
The body weights of all diabetic mice were similar to those
of the CON group regardless of antioxidant supplementa-
tion (data not shown).

Blood glucose levels
Blood glucose levels of all diabetic mice were significantly
increased after alloxan injection. Although blood glucose
levels of the VCE and the Comb groups did not go back to
the steady levels, there was a significant reduction as com-
pared to those of the DM group (Figure 1).

Liver TBARS levels
Liver TBARS levels of the DM group were much higher
than the CON group but they were not significantly
reduced in the VCE and the Comb groups (Figure 2).

Liver Vitamin E concentration
Vitamin E levels of the DM group were not significantly
different from those of the CON group. However, the
levels of the vitamin E in the VCE and the Comb
groups, supplemented with dietary antioxidants, includ-
ing vitamin E, were significantly increased (13 folds) as
compared to those of the DM group (Figure 3).
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Wound closure rate
The wound closure rates of the DM group were signifi-
cantly delayed from day 2 as compared to those of the
CON group. However, the wound closure rates of the
VCE and the Comb groups were accelerated signifi-
cantly from day 2 as compared to those of the DM
group (Figure 4).

Relationships between wound size and blood glucose
levels
The relative wound size (closure ratio) on days 6-8 after
wounding (days 22-24 after alloxan injection) in each
diet treatment group was positively correlated to the
blood glucose levels on day 5 (starting day of antioxi-
dant supplementation) up to day 24 (day 8 after wound-
ing) after alloxan injection (Table 1).

The expression levels of oxidative stress and
inflammatory response related proteins in mouse skin
The protein levels of pI�Ba showed a similar result to
those of COX-2 at 0 h. However, there were no significant
differences among all groups at 24 h, 48 h and 72 h (Fig-
ure 5A). The expression levels of inducible nitric oxide
synthase (iNOS) in the DM group were significantly
increased at basal level and steadily decreased after
wounding. There was a significant decrease in iNOS pro-
tein levels in the VCE and the Comb groups as compared
to those of the DM group at 72 h after wounding (Figure
5B). The expression levels of cyclooxygenase (COX)-2 pro-
tein were raised continuously in the DM group after
wounding. The expression levels of COX-2 protein in the
VCE group were comparable to those of the CON group
at 72 h after wounding, and in the Comb group, the levels
were maintained until 72 h after wounding (Figure 5C).
As shown in Figure 6A, the expression levels of heme

oxygenase (HO)-1 protein at 72 h after wounding were
remarkably increased in the DM group, as compared to
those of the CON group, but the expression levels were
barely detected in the dietary antioxidant supplemented
groups, the VCE, and the Comb groups. The expression
levels of CuZnSOD protein in the DM group at basal level
were significantly lower, but at 48 h after wounding, the
levels were higher than those of other antioxidant treat-
ment groups (Figure 6B). In addition, the CuZnSOD pro-
tein levels of the Comb group were comparable to those
of the CON group at 72 h after wounding.

Discussion
The inflammatory stage is the most important in the
wound healing process because the proper healing pro-
cess requires recruitment of inflammatory cells and

Figure 1 Effect of dietary antioxidant supplementation on
blood glucose level in alloxan-induced diabetic mice. Values
are means ± SEM. Means at a time without a common letter
differ, P < .05. (CON, control mice; DM, diabetic control mice; VCE,
0.5% vitamin C and 0.5% vitamin E supplemented diabetic mice;
Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC
supplemented diabetic mice).

Figure 2 Effect of dietary antioxidant supplementation on liver
TBARS concentration (nM) in alloxan-induced diabetic mice.
Values are means ± SEM. Means at a time without a common letter
differ, P < .05. (CON, control mice; DM, diabetic control mice; VCE,
0.5% vitamin C and 0.5% vitamin E supplemented diabetic mice;
Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented
diabetic mice).

Figure 3 Effect of dietary antioxidant supplementation on liver
vitamin E contents (nM) in alloxan-induced diabetic mice.
Values are means ± SEM. Means at a time without a common letter
differ, P < .05. (CON, control mice; DM, diabetic control mice; VCE,
0.5% vitamin C and 0.5% vitamin E supplemented diabetic mice;
Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented
diabetic mice).
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secretion of various mediators. However, an increase of
oxidative stress, caused by wound occurrence with con-
tinuous hyperglycaemia in diabetes, prolongs inflamma-
tory response and causes an ulcer by delaying a shift to
the next steps. Therefore, controlling oxidative stress
and inflammatory response through appropriate regula-
tion of blood glucose levels is essential to accelerating
the wound closure rate. We hypothesized that the regu-
lation of blood glucose levels through dietary antioxi-
dant supplementation reduces oxidative stress in the
inflammatory stage and improves the early wound clo-
sure rate during cutaneous wound healing.
In previous studies, dietary antioxidant supplementa-

tion itself did not affect blood glucose levels [23], but this
study showed a significant decreasing effect, as compared
to the DM group, in spite of being at a higher than nor-
mal level. If dietary antioxidants are supplemented for a
longer period, they might be effective in reducing blood
glucose levels.
Oxidative stress is increased by enhancing the rate of

ROS production and declining antioxidant defense in dia-
betes. Therefore, it makes it easier to cause oxidative

damage in various tissues in diabetes. In this study, we
confirmed that liver TBARS levels, the end product of
lipid peroxidation, were increased in diabetes, but they
were not significantly decreased by dietary antioxidant
supplementation. This result stands in contrast with ear-
lier works by Kim et al. [24] and Odetti et al. [25], show-
ing decreasing TBARS levels in vitamin C or NAC
supplemented diabetic mice. The contrasting result in this
study may be associated with the short-term supplementa-
tion of dietary antioxidants. However, we found that kid-
ney TBARS levels in diabetic mice were significantly
decreased in the diabetic mice [26]. The results suggest a
tissue-specific effect of dietary antioxidant supplementa-
tion on oxidative stress in diabetes.
The present study showed correlations between wound

size and blood glucose levels after antioxidant supplemen-
tation. Blood glucose levels from the start day of diet treat-
ment during the inflammatory stage affected relative
wound size on days 6 to 8 after wounding. We suggested
that it is possible to accelerate the wound closure rate by
regulating blood glucose levels through dietary antioxidant
supplementation, which attributed to lower oxidative

Figure 4 Effect of dietary antioxidant supplementation on cutaneous wound closure rate in alloxan-induced diabetic mice. The area of
the wound of each time point was relative to the area of the wound on d 0 (set at 1.0). Values are means ± SEM. Means at a time without a
common letter differ, P < 0.05. (CON, control mice; DM, diabetic control mice; VCE, 0.5% vitamin C and 0.5% vitamin E supplemented diabetic
mice; Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented diabetic mice).

Table 1 Relationships (Pearson’s correlation coefficients) between wound size and blood glucose levels

Blood glucose levels
§d 5 d 9 d 12 d 15 d 16 d 18 d 21 d 24

Wound size #d 6 .434* .468* .595** .531** .553** .562** .620** .575**

d 7 .414* .437* .579** .510* .542** .545** .606** .529*

d 8 .340 .431* .480* .427* .486* .507* .549** .431

* P < .05, ** P < .01.
§day after alloxan injection, d 5: starting day of antioxidant supplementation, d 16: d 0 after wounding.
#day after wounding, d 8: d 24 after alloxan injection.
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stress, confirmed by decreased TBARS, HO-1 and CuZn-
SOD levels during the early inflammatory stage.
To examine the change of the inflammatory response

by dietary antioxidant supplementation at molecular
levels that modify the rate of the wound closure, we
investigated the expressions of oxidative stress and
inflammatory response related proteins. NF�B is

composed of a family of inducible transcription factors
that serve as essential regulators of the host immune and
inflammatory response [27]. NF�B promotes the expres-
sion of enzymes that contribute to the pathogenesis of
the inflammatory response, including the inducible form
of nitric oxide synthase (iNOS) and inducible cyclooxy-
genase (COX-2) [28]. We evaluated the protein levels of

A. 

B. 

C. 

Figure 5 Effect of dietary antioxidant supplementation on protein expression levels of pI�Ba (A), inducible nitric oxide synthase
(iNOS)(B), and cyclooxygenase (COX)-2(C) in cutaneous wounds of alloxan-induced diabetic mice. Values are means ± SEM. Means for a
variable without a common differ, P < .05. (CON, control mice; DM, diabetic control mice; VCE, 0.5% vitamin C and 0.5% vitamin E supplemented
diabetic mice; Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented diabetic mice).
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pI�Ba as an indirect method of determining NF�B
expressions. The protein levels of pI�Ba were compar-
able to those of COX-2, in that they showed significant
differences among groups at 0 h, but there were no sig-
nificant differences among groups at other time points.
Heme oxygenase (HO)-1, an inducible form, is increased
by various oxidative stress-inducing factors, such as
NF�B. HO-1 has cytoprotective, proangiogenic, and anti-
apoptotic properties as well as anti-inflammatory and
antioxidant functions [29]. Our data showed raised levels
of HO-1 in all experimental groups, including the CON
group, at 48 h after wounding. However, the HO-1 levels
in the dietary antioxidants supplemented groups, at 72 h
after wounding, were hardly detected. The results suggest
that dietary antioxidants may have some beneficial effects

on shortening the inflammatory response via regulation
of ROS production during the inflammatory stage, thus
accelerating the entire wound healing rate.
Previous studies showed that SOD levels were

decreased in diabetes by a deteriorated antioxidant
defense system [30]. On the other hand, the SOD levels
were increased in cutaneous wound healing [31]. The
present result showed that, in the DM group, CuZnSOD
expression levels were low at the baseline but increased
at 48 h after wounding, which implies that oxidative
stress is increased by continuous hyperglycaemia and
wound occurrence in diabetes. Furthermore, the levels of
CuZnSOD in the VCE and the Comb groups decreased
at 48 h after wounding as compared to those of the DM
group, showing a similar result in TBARS levels. This

A. 

 
B. 

Figure 6 Effect of dietary antioxidant supplementation on protein expression level of heme oxygenase (HO)-1(A) and copper zinc
superoxide dismutase (CuZnSOD)(B) in cutaneous wounds of alloxan-induced diabetic mice. Values are means ± SEM. Means for a
variable without a common differ, P < .05. (CON, control mice; DM, diabetic control mice; VCE, 0.5% vitamin C and 0.5% vitamin E supplemented
diabetic mice; Comb, 0.5% vitamin C, 0.5% vitamin E, and 2.5% NAC supplemented diabetic mice).
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result suggests that ROS production was regulated by
dietary antioxidant supplementation in the DM mice.
The levels of iNOS, one of the most important factors

playing a key role in the wound healing process, increased
in the early inflammatory stage after wounding and subse-
quently declined until the wound was healed. In this
study, iNOS protein levels significantly increased at a basal
level and decreased at 24 h after wounding, but again rose
at 48 h and 72 h in the DM group. The results suggest
that reduced iNOS protein levels at 24 h in the DM group
were up-regulated due to increased oxidative stress caused
by hyperglycaemia. Furthermore, increased iNOS protein
levels, maintained until 72 h in the DM group, may
decrease collagen synthesis, which plays an essential role
in the proliferation and the remodeling stages next to the
inflammatory stage, thus delaying the entire wound heal-
ing process. The expression levels of iNOS in the Comb
group decreased gradually from 48 h, which paralleled the
accelerated rate of wound closure on day 2. In particular, a
significant decrease of the iNOS levels in the VCE and the
Comb groups at 72 h, as compared to those of the DM
group, influenced the improved wound closure rate, which
showed a similar rate as the controls on day 3. Oxidative
stress due to hyperglycaemia caused by diabetes increases
secretion of various cytokines, which induce COX-2, a
modulator of the inflammatory response in the biosynth-
esis of prostaglandins. Over-expression of the COX-2 pro-
tein decreases collagen synthesis and retards proliferation,
thus delaying the entire cutaneous wound healing [32].
We found that COX-2 expression levels in the DM group
gradually increased, which may prolong the inflammatory
responses and delay wound healing. Significant decreased
levels of the COX-2 at 72 h in the VCE group, as com-
pared to those of the DM group, had a beneficial effect on
the wound closure rate. Retained levels of COX-2 protein
during the early inflammatory stage and significant lower
levels at 72 h, as compared to those of other groups, may
contribute to the advanced wound healing process related
to the secretion of blood clotting factors [33] and shift to
the proliferation and the remodeling stages.
Taken together, the results in this study suggest that

dietary antioxidant supplementation creates synergetic
effects that improve the condition of diabetes through the
regulation of blood glucose levels and effects that acceler-
ate the early inflammatory responses during cutaneous
wound healing. Reduced iNOS and COX-2 expression
levels may prevent prolonged inflammatory response by
decreasing oxidative stress in dietary antioxidant supple-
mentation, a fact that is confirmed by oxidative stress
associated markers, namely, HO-1 and CuZnSOD.

Conclusions
The current study demonstrated that the regulation of
selective inflammatory mediators by dietary antioxidant

cocktail supplementation selectively normalizes the early
wound healing process in diabetes. Based on our results,
antioxidant cocktail supplementation, including vit C, E
and NAC, could be effectively used for diabetic wound
healing therapy. However, our research was limited to ani-
mal studies; thus, it is important to determine the precise
mechanisms in delayed wound healing for application to a
human study. Furthermore, it is necessary to conduct a
thorough investigation of each stage of the very intricate
wound healing process that occurs in diabetes. Finally,
further research should be conducted to verify a safe con-
centration of each antioxidant for clinical usage in diabetic
patients.

Acknowledgements
This research was supported by the Basic Science Research Program through
the National Research Foundation of Korea (NRF), which was funded by the
Ministry of Education, Science and Technology (KRF-2008- 331-C00304).

Authors’ contributions
The author’s responsibilities were as follows: NYP. performed the
experiments and analysis and participated to data interpretation and
manuscript writing. YL. contributed to study design, data interpretation and
manuscript writing. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 29 July 2011 Accepted: 17 November 2011
Published: 17 November 2011

References
1. Foundation ID: Diabetes: A Global Threat Brussels. Belgium. International

Diabetes Foundation 2006, 1-15.
2. Weiss SJ: Tissue destruction by neutrophils. N Engl J Med 1989,

320:365-76.
3. Lowry SF: Cytokine mediators of immunity and inflammation. Arch Surg

1993, 128:1235-41.
4. Blakytny R, Jude E: The molecular biology of chronic wounds and

delayed healing in diabetes. Diabet Med 2006, 23:594-608.
5. Jeffcoate WJ, Harding KG: Diabetic foot ulcers. Lancet 2003, 361:1545-51.
6. Jude EB, Blakytny R, Bulmer J, Boulton AJ, Ferguson MW: Transforming

growth factor-beta 1, 2, 3 and receptor type I and II in diabetic foot
ulcers. Diabet Med 2002, 19:440-7.

7. Lobmann R, Ambrosch A, Schultz G, Waldmann K, Schiweck S, Lehnert H:
Expression of matrix-metalloproteinases and their inhibitors in the
wounds of diabetic and non-diabetic patients. Diabetologia 2002,
45:1011-6.

8. Wolff SP, Jiang ZY, Hunt JV: Protein glycation and oxidative stress in
diabetes mellitus and ageing. Free Radic Biol Med 1991, 10:339-52.

9. Hallberg CK, Trocme SD, Ansari NH: Acceleration of corneal wound
healing in diabetic rats by the antioxidant trolox. Res Commun Mol Pathol
Pharmacol 1996, 93:3-12.

10. Haidara MA, Mikhailidis DP, Rateb MA, Ahmed ZA, Yassin HZ, Ibrahim IM,
Rashed LA: Evaluation of the effect of oxidative stress and vitamin E
supplementation on renal function in rats with streptozotocin-induced
Type 1 diabetes. J Diabetes Complications 2009, 23:130-6.

11. Guo Z, Xia Z, Jiang J, McNill JH: Downregulation of NADPH oxidase,
antioxidant enzymes, and inflammatory markers in the heart of
streptozotocin-induced diabetic rats by N-acetyl-L-cysteine. Am J Physiol
Heart Circ Physiol 2007, 292:H1728-36.

12. Tsai GY, Cui JZ, Syed H, Xia Z, Ozerdem U, McNeill JH, Matsubara JA: Effect
of N-acetylcysteine on the early expression of inflammatory markers in
the retina and plasma of diabetic rats. Clin Experiment Ophthalmol 2009,
37:223-31.

Park and Lim Nutrition & Metabolism 2011, 8:80
http://www.nutritionandmetabolism.com/content/8/1/80

Page 8 of 9

http://www.ncbi.nlm.nih.gov/pubmed/2536474?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8239986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16759300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16759300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12737879?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12060054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12060054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12060054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12136400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12136400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1855674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1855674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8865365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8865365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19723131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19723131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19723131?dopt=Abstract


13. Jude EB, Boulton AJ, Ferguson MW, Appleton I: The role of nitric oxide
synthase isoforms and arginase in the pathogenesis of diabetic foot
ulcers: possible modulatory effects by transforming growth factor beta
1. Diabetologia 1999, 42:748-57.

14. Wysocki J, Wierusz-Wysocka B, Wykretowicz A, Wysocki H: The influence of
thymus extracts on the chemotaxis of polymorphonuclear neutrophils
(PMN) from patients with insulin-dependent diabetes mellitus (IDD).
Thymus 1992, 20:63-7.

15. Rasik AM, Shukla A: Antioxidant status in delayed healing type of
wounds. Int J Exp Pathol 2000, 81:257-63.

16. Ho E, Chen G, Bray TM: Supplementation of N-acetylcysteine inhibits
NFkappaB activation and protects against alloxan-induced diabetes in
CD-1 mice. Faseb J 1999, 13:1845-54.

17. Musalmah M, Fairuz AH, Gapor MT, Ngah WZW: Effect of vitamin E on
plasma malondialdehyde, antioxidant enzyme levels and the rates of
wound closures during wound healing in normal and diabetic rats. Asia
Pac J Clin Nutr 2002, 11:S448-51.

18. Johansen JS, Harris AK, Rychly DJ, Ergul A: Oxidative stress and the use of
antioxidants in diabetes: linking basic science to clinical practice.
Cardiovasc Diabetol 2005, 4-5.

19. Ohkawa H, Ohishi N, Yagi K: Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal Biochem 1979, 95:351-8.

20. Rani A, Kumar V, Verma SK, Shakya AK, Chauhan GS: Tocopherol content
and profile of soybean: Genotypic variability and correlation studies.
Journal of the American Oil Chemists’ Society 2007, 84:377-83.

21. Mercado AM, Quan N, Padgett DA, Sheridan JF, Marucha PT: Restraint
stress alters the expression of interleukin-1 and keratinocyte growth
factor at the wound site: an in situ hybridization study. J Neuroimmunol
2002, 129:74-83.

22. Lim Y, Phung AD, Corbacho AM, Aung HH, Maioli E, Reznick AZ, Cross CE,
Davis PA, Valacchi G: Modulation of cutaneous wound healing by ozone:
differences between young and aged mice. Toxicol Lett 2006, 160:127-34.

23. Kedziora-Kornatowska K, Szram S, Kornatowski T, Szadujkis-Szadurski L,
Kedziora J, Bartosz G: Effect of vitamin E and vitamin C supplementation
on antioxidative state and renal glomerular basement membrane
thickness in diabetic kidney. Nephron Exp Nephrol 2003, 95:e134-43.

24. Kim SK, Do JE, Kang HY, Lee ES, Kim YC: Giant molluscum contagiosum of
immunocompetent children occurring on the anogenital area. Eur J
Dermatol 2007, 17:537-8.

25. Odetti P, Pesce C, Traverso N, Menin S, Maineri EP, Cosso L, Valentini S,
Patriarca S, Cottalasso D, Marinari UM, Pronzato MA: Comparative trial of
N-acetyl-cysteine, taurine, and oxerutin on skin and kidney damage in
long-term experimental diabetes. Diabetes 2003, 52:499-505.

26. Park N, Park S, Lim Y: Long term antioxidant cocktail supplementation
reduces renal inflammation. Br J Nutr 2011, 106(10):1514-21.

27. Yamamoto Y, Gaynor RB: Therapeutic potential of inhibition of the NF-
kappaB pathway in the treatment of inflammation and cancer. J Clin
Invest 2001, 107:135-42.

28. Pahl HL: Activators and target genes of Rel/NF-kappaB transcription
factors. Oncogene 1999, 18:6853-66.

29. Grochot-Przeczek A, Lach R, Mis J, Skrzypek K, Gozdecka M, Sroczynska P,
Dubiel M, Rutkowski A, Kozakowska M, Zagorska A, Walczynski J, Was H,
Kotlinowski J, Drukala J, Kurowski K, Kieda C, Herault Y, Dulak J, Jozkowicz A:
Heme oxygenase-1 accelerates cutaneous wound healing in mice. PLoS
One 2009, 4:e5803.

30. Matsunami T, Sato Y, Sato T, Yukawa M: Antioxidant status and lipid
peroxidation in diabetic rats under hyperbaric oxygen exposure. Physiol
Res 2010, 59:97-104.

31. Schafer M, Werner S: Oxidative stress in normal and impaired wound
repair. Pharmacol Res 2008, 58:165-71.

32. Lupulescu A: Effect of prostaglandins on protein, RNA, DNA and collagen
synthesis in experimental wounds. Prostaglandins 1975, 10:573-9.

33. Kampfer H, Schmidt R, Geisslinger G, Pfeilschifter J, Frank S: Wound
inflammation in diabetic ob/ob mice: functional coupling of
prostaglandin biosynthesis to cyclooxygenase-1 activity in diabetes-
impaired wound healing. Diabetes 2005, 54:1543-51.

doi:10.1186/1743-7075-8-80
Cite this article as: Park and Lim: Short term supplementation of dietary
antioxidants selectively regulates the inflammatory responses during
early cutaneous wound healing in diabetic mice. Nutrition & Metabolism
2011 8:80.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Park and Lim Nutrition & Metabolism 2011, 8:80
http://www.nutritionandmetabolism.com/content/8/1/80

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/10382596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10382596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10382596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10382596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1519313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1519313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1519313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10971747?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10971747?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10506589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10506589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10506589?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12492633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12492633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12492633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20067270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20067270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12161023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12161023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12161023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16129572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16129572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14694267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14694267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14694267?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17951137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17951137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12540627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12540627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12540627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21736794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21736794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11160126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11160126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10602461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10602461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19495412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249904?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19249904?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18617006?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18617006?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1197789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1197789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15855344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15855344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15855344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15855344?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Diabetes induced Animals
	Experimental diets
	Sample collection and preparation
	Measurement of lipid peroxidation product in liver
	Measurement of vitamin E level in the liver
	Wound biopsy
	Measurement of wound closure rate
	Western blotting assay
	Statistical analysis

	Results
	Body weights
	Blood glucose levels
	Liver TBARS levels
	Liver Vitamin E concentration
	Wound closure rate
	Relationships between wound size and blood glucose levels
	The expression levels of oxidative stress and inflammatory response related proteins in mouse skin

	Discussion
	Conclusions
	Acknowledgements
	Authors' contributions
	Competing interests
	References

