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Abstract
Caloric restriction (CR) and resveratrol activate SIRT1 and induce anti-inflammatory and antioxidant properties. We perform 
excisional lesion on the dorsum of four groups anesthetized animals: ad libitum-AL diet, AL diet with topical application of 
2% resveratrol-Rv, 30% calorie restricted, and finally 30% calorie restricted with 2% resveratrol and we examine CR and Rv 
effects in wound repair. Restricted animals remained with CR for 31 days. The lesion was performed on day 18 of CR, and 
resveratrol application was started on day 19. Lesion samples were then collected on days 3 and 10 of treatment for structural, 
morphometric, and protein analyses. Our results showed that CR and Rv group as well as R group had enhanced numbers 
of blood vessels, VEGF, fibroblast, birefringent collagen fiber areas in the lesion. We conclude that effects in wound repair 
suggests that both CR and resveratrol may modulate angiogenesis, fibroplasia, and collagenesis, which could be ascribed 
to the action of SIRT1.
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Introduction

The reestablishment of tissue integrity after lesion involves 
coordinated processes that include inflammatory responses, 
formation of granulation tissue, cell proliferation, and 
remodeling of the final tissue [11]. Factors that can hin-
der the healing process include obesity, diabetes mellitus, 
and malnutrition. A satisfactory nutritional status, which is 
directly dependent on the diet, is essential for successful 
wound repair [19]. Cell migration, angiogenesis, collagen 
deposition, granulation tissue formation, and tissue remod-
eling are repair processes that are intrinsically linked to the 
availability of energy substrates, proteins, and micronutri-
ents [43]. Adequate amounts of carbohydrates, fats, and pro-
teins are required for healing to occur, while experimental 
evidence suggests that specific nutritional interventions can 
have significant beneficial effects in wound repair [18, 40].

There is debate in the literature concerning the effects 
of caloric restriction (CR) on wound repair. Earlier studies 
showed that CR retarded healing in rodents [12, 32]. Retar-
dation has also been found for collagen production [38] and 
the healing of skin tissue [14] in calorie-restricted animals. 
In contrast, a study conducted to evaluate the effects of age 
and CR on the healing process in rats and monkeys found 
that the rates of healing were similar for CR groups and con-
trol animals fed ad libitum [34]. Reed et al. [31] showed that 
over the long term, CR assisted in preserving proliferative 
capacity and increasing the capacity to synthesize structural 
proteins and trophic factors required for wound repair.

CR leads to the activation of sirtuin proteins [7] related 
to the regulation of collagen transcription and inflammation 
[45]. Seven members of the sirtuin family are involved in 
many cellular processes [7]. SIRT1 appears to be involved 
in fibrotic diseases and regulation of TGF-β1 during mes-
enchymal–epithelial transition, as well as cell proliferation, 
differentiation, and survival [36, 45].

The metabolic and hormonal alterations induced by 
CR have led to the identification of synthetic and natu-
ral compounds able to reproduce its effects. One of these 
compounds is resveratrol [3, 28, 37], which is a polyphe-
nol found in grape seeds and red wines. Wine polyphenols 
are known for their capacity to mimic the effect of CR in 
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activation of SIRT1 [9, 13]. A formulation of resveratrol in 
nanospheres, used as a cosmeceutical, has been suggested to 
have rejuvenation properties, due mainly to its antioxidant 
activity [5, 48]. Resveratrol has also been reported to act as 
a photoprotective agent against skin cancer [24]. Various 
effects of resveratrol have been found in angiogenesis [8] 
and the healing of incisional wounds [46], cartilage [22], 
and bone defects [6]. However, uncertainty remains con-
cerning the effect of resveratrol in the healing of cutaneous 
wounds. An advantage of using resveratrol in local topical 
applications to the skin is that it avoids systemic side effects. 
Therefore, the aim of this study was to evaluate the effects 
of CR and resveratrol, as activators of SIRT1, in the healing 
of excisional skin wounds on the dorsum of rats.

Materials and methods

Animals

Thirty-two male Wistar rats (Rattus norvegicus albinus) 
aged approximately 120 days and with average weight of 
around 350 g were obtained from the Animal Experimenta-
tion Center of UNIARARAS. The animals were housed in 
individual cages, at constant temperature (23 ± 2 °C) and 
humidity (55%), with a 12:12 h light/dark cycle. During an 
initial period of five days, to adapt to social isolation, the 
animals received food and water ad libitum. The feed was 
weighed daily to determine the average food consumption 
of the animals.

Experimental groups

The animals were randomly divided into four groups of eight 
individuals, as follows: AL: ad libitum diet and topical appli-
cation of the vehicle, without resveratrol produced using 
50 mg of DMSO (dimethyl sulfoxide), 0.096 g of Microcel 
MC-101 (microcrystalline cellulose), 0.004 g of Aerosil, and 
10 g of Pentravan qsp; ALRv: ad libitum diet and topical 
application of the formulation with 2% resveratrol (Sigma, 
Stockholm, Sweden) [29]; R: 30% CR and topical applica-
tion of the vehicle; RRv: 30% CR and topical application of 
2% resveratrol.

Caloric restriction

The control group continued with the same commercial 
feed (Nuvilab®—Nestlé Purina—Brazil) ad libitum, while 
the 30% CR group received 70% of the caloric intake of the 
control group [39], characterizing moderate CR. Calcula-
tion of the amount of feed provided was performed daily, 
by weighing the amount offered and the amount remaining 
in the case of the control animals, hence determining the 

amount ingested for the control group and enabling calcu-
lation of the 70% feed value for the restricted group. This 
procedure was performed during the 31 days of the experi-
ment. Body weight was measured once weekly throughout 
the experiment.

Surgical procedure

The skin lesion operations were performed after 18 days of 
CR, following anesthetization of the animals with a mixture 
of ketamine hydrochloride (100 mg/kg) and xylazine hydro-
chloride (10 mg/kg) were purchased from Cristália (Itapira, 
SP, BR), administered intraperitoneally. After trichotomy on 
the skin of the dorsum, using a scalpel and a 10 mm2 guide, 
excision was made of a cutaneous fragment consisting of 
the epidermis and the dermis, such that the dorsal muscle 
fascia was exposed. After creation of the lesions, the animals 
were returned to individual cages and were administered an 
analgesic with sodium dipyrone (10 mg/kg) was used in the 
water supplied to the animals for 72 h.

The specific treatments of the groups were started 24 h 
after the surgery (on day 19) and were performed daily at the 
same time during 10 days. Samples were collected for histo-
morphometric, biochemical, and molecular analyses on days 
3 and 10 after the surgery. Blood glucose was determined 
using reagent strips and a glucose meter (Abbott, Chicago, 
USA), on the day of euthanasia, with the animals having 
been fasted for 6 h.

Chemicals and reagents

The chemicals for topical application were resveratrol 
and DMSO (dimethyl sulfoxide) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA), Microcel MC-101 
(microcrystalline cellulose) from Blanver Farmoquimica 
(São Paulo, SP, BR), Aerosil from Evonik Brazil Ltda (São 
Paulo, SP, BR), Pentravan from Fragon (Rotterdam, Neth-
erlands). The dyes for tissue structural and morphometric 
analysis Formaldehyde, Picrosirius–hematoxylin, Tolui-
dine Blue, Mallory’s trichrome (it uses the three stains: 
aniline blue, acid fuchsin, and orange G) were obtained 
from Sigma-Aldrich and Paraplast (Histosec) was pur-
chased from Merck (Kenilworth, NJ, USA). The chemi-
cals for Western Blotting were tris-[hydroxymethyl]amino-
methane (Tris), phenylmethylsulfonyl fluoride (PMSF), 
dithiothreitol (DTT), Triton X-100, Tween 20, and glyc-
erol were purchased from Sigma-Aldrich. The reagents 
and apparatus for sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and immunoblotting 
were from Bio-Rad (Richmond, CA, USA). Aprotinin 
was purchased from Bayer (São Paulo, SP, Brazil). PVDF 
transfers membranes 0.45 µm pore sizes was obtained from 
Bio Rad® (Hercules, CA, USA), ECL Chemiluminescence 
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from Thermo Fisher Scientific (Waltham, MA USA). 
TGF-β1, VEGF and FGF antibodies were obtained Santa 
Cruz Biotechnology (Dallas, Texas, USA), SIRT1 anti-
body from Cell Signaling (Billerica, MA, USA) and anti-
collagens I and III from Sigma-Aldrich. Anti-mouse, anti-
rabbit, and anti-goat IgG1:HRP antibodies were purchased 
from Santa Cruz Biotechnology.

Collection and preparation of tissue for structural 
and morphometric analysis

Samples were removed from four animals of each group 
on days 3 and 10 after performing the lesions. An area of 
25 mm2 was delimited in the center of the lesion, to obtain 
standardized samples. The tissue fragments were immersed 
for 24 h in fixing solution consisting of 10% formaldehyde in 
Millonig buffer (pH 7.4), at ambient temperature. The pieces 
were then washed in buffer and embedded in Paraplast (His-
tosec, Merck), according to the standard procedure.

Longitudinal sections of the pieces, with thickness of 
6 µm, were used for the different analyses. Picrosirius–hema-
toxylin staining and standard optical microscopy was used 
to observe the organization of the collagen fibers. Mallory’s 
trichrome staining was used to quantify the content of colla-
gen fibers in the repair area (% of total area). Toluidine Blue 
in McIlvaine buffer (pH 4.0) was used for structural analysis 
of the epidermis and dermis, together with determination 
of the numbers of fibroblasts and blood vessels. Domini-
ci’s stain was used for the quantification of inflammatory 
infiltrate. Evaluation of the organization and maturation of 
collagen fibers was performed by quantifying the birefrin-
gent fiber area, relative to the total fiber area, employing the 
picrosirius–hematoxylin method under polarized light [33]. 
Mallory’s trichrome staining enabled separation of the fields 
according to the color distribution. The color range was 
defined at the beginning of the analysis and was the same 
for all the images quantified. The color band was adjusted 
until the areas representative of collagen became separated 
in the image. The same range was used to identify the col-
lagen fibers in all the digitized fields. The area occupied was 
then calculated for each field. A Leica DM2000 photomicro-
scope was used to capture and digitize images of the sections 
removed from the central regions of the lesions.

The digitized images for four animals from each group 
were used to obtain five areas of 104 µm2 for each central 
lesion section obtained on days 3 and 10 of treatment. These 
were analyzed using the Leica image measurement virtual 
grid and SigmaScan Pro 6.0™ software to determine the 
following morphometric parameters: total number of fibro-
blasts and inflammatory infiltrate (n/104 µm2), number of 
neoformed blood vessels (n/104 µm2), and percentage of 
birefringent collagen fibers in the healing area (%).

Western blotting

The lesion sections were homogenized for 30 s in protein 
extraction buffer (10 mM EDTA, 100 mM Trizma base, 
10 mM sodium pyrophosphate, 100 mM sodium fluoride, 
100 mM sodium orthovanadate, 2 mM PMSF, 0.1 mg/mL 
aprotinin, and distilled water). The extract was centrifuged 
for 45 min at 1500 rpm and 4 °C to remove the insoluble 
material. The supernatant was collected for the determina-
tion of the total protein concentration of the samples by 
the Biureto method (Protal colorimetric method, Laborlab, 
São Paulo, Brazil). Samples containing 30 µg protein were 
treated with Laemmli buffer containing 10 mM DDT and 
were used for SDS-PAGE with 10–12% tris-acrylamide in 
a minigel apparatus (Miniprotean). After the SDS-PAGE 
run, the proteins were transferred to PVDF membranes (Bio-
Rad) and incubated for 2 h in blocking solution to reduce 
nonspecific protein binding. The membranes were then 
incubated for 4 h with specific antibodies for the proteins 
anti-TGF-β1, anti-VEGF, and anti-FGF (diluted 1:200), anti-
SIRT1 (diluted 1:1000) and anti-collagens I and III (diluted 
1:1000). Next, the membranes were incubated with specific 
anti-mouse, anti-rabbit, and anti-goat IgG1:HRP antibod-
ies (diluted 1:10,000). Finally, the membranes were photo-
documented using a SynGene G:BOX (Frederick, Maryland, 
USA) apparatus. The intensities of the bands were evaluated 
by densitometry [25].

Measurement of TBARS (thiobarbituric acid‑reactive 
substances) and total sulfhydryl content

TBARS were determined as described by Ohkawa et al. [26]. 
Measurement was principally made of malondialdehyde 
(MDA), a product of lipoperoxidation caused mainly by 
hydroxyl free radicals. The TBARS concentration was deter-
mined spectrophotometrically at 532 nm and was expressed 
as nmol of MDA per mg of protein.

The measurement of sulfhydryl groups was based on the 
method of [1]. The reduction of DTNB (5,5-dithio-bis(2-
nitrobenzoic acid)) by thiols produces a yellow derivative 
that can be determined spectrophotometrically using its 
absorbance at 412 nm. The sulfhydryl content is inversely 
correlated with the oxidative damage to proteins. The results 
were calculated as nmol of TNB per mg of protein.

Analysis of the results

Comparative analysis of the data for the different groups was 
performed using ANOVA followed by the Bonferroni test, 
comparing the treatment groups (ALRv, R, and RRv) with 
the AL group. The results were expressed as mean ± stand-
ard error of the mean (X ± SEM), and the level of signifi-
cance adopted was 5% (p < 0.05).
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Results

Body weight, food intake, and glycemia 
of the animals

Figure 1 shows the establishment of the CR animal model 
from the analyses of body weight, food intake, and glycemia. 
The animals of groups R and RRv lost weight, compared to 
groups AL and ALRv (p = 0.003) (Fig. 1a). The food intakes 
of the animals in groups R and RRv were lower on days 7, 
14, 21, and 31 of the experiment, compared to the animals 
of groups AL and ALRv (Fig. 1b, p = 0.04). On days 3 and 
10 of treatment, the glycemia values of animals in groups R 
and RRv were significantly lower than those of the AL and 
ALRv animals (Fig. 1c, p = 0.03).

Structural analyses of the skin lesion area

The morphological characteristics of the repair tissue were 
compared for the different groups over the experimental 
period. The data were obtained from the qualitative and 
quantitative analyses of the biological features during 
the inflammatory phase on day 3 (leucocyte infiltration, 
hemorrhage, and exudate) and the proliferative phase on 
day 10 (fibroblastic hyperplasia, re-epithelialization, and 
angiogenesis).

On day 3, fibroblasts were present in large quantities at 
the edges of the lesion, between the repair area and the origi-
nal preserved tissue. Keratinocytes showed greater prolifera-
tion on day 10, while the presence of blood vessels gradu-
ally increased during the experimental period, especially 

in the central part of the repair area. Figure 2 shows the 
distribution and organization of the collagen fibers. On day 
3, thin fibers were distributed parallel to the longer axis of 
the repair area, close to the blood vessels and near the sur-
face of the lesion. On day 10, thicker fibers were distributed 
throughout the dermis, oriented perpendicular to the longer 
axis of the lesion.

Morphometric analysis of the lesion area

Analysis of the morphometric variables revealed several 
quantitative differences between the groups during the 
experimental period (Table 1). No significant differences 
were observed for the inflammatory infiltrate in samples 
taken from the different groups and at different times. 
Compared to the AL group, the numbers of blood vessels 
were higher for the RRv group on days 3 (p = 0.03) and 10 
(p = 0.04), and for the R group only on day 10 (p = 0.04). 
No differences in fibroblast numbers were observed between 
the groups on day 3. However, an increase was found for 
the RRv group on day 10 (p = 0.04). The area percentages 
of collagen fibers were similar for all the groups and experi-
mental periods. However, the area of birefringent collagen 
fibers was higher for the RRv group, compared to the other 
groups, on days 3 (p = 0.04) and 10 (p = 0.04).

Western blotting protein analysis of the lesion area

On day 3, increased expression of collagen I was observed 
for groups R and RRv, compared to groups AL and ALRv 
(p = 0.01). On day 10, groups ALRv, R, and RRv showed 
higher expression of collagen I, compared to the AL group 

Fig. 1   Effects of resveratrol 
and CR on a weight gain, b 
food intake, and c glycemia 
of the animals in groups AL, 
ALRv, R, and RRv during the 
experimental period. Data are 
shown as means ± standard 
errors (n = 4). *p < 0.05 for AL 
and ALRv vs. R and RRv



197Archives of Dermatological Research (2019) 311:193–201	

1 3

(Fig. 3; p = 0.03). Higher collagen III was found for the 
ALRv, R, and RRv groups, compared to the AL group, on 
days 3 (p = 0.03) and 10 (p = 0.01). On day 10, VEGF pro-
tein expression was higher for groups R and RRv, compared 
to groups AL and ALRv (p = 0.03). The values obtained for 
the FGF and TGF-β1 proteins were similar for all groups and 
times, while SIRT1 was higher for the ALRv and R groups, 
compared to the AL group, on days 3 and 10.

Analysis of the product of oxidative stress 
and alteration of antioxidant capacity

On day 3, the concentration of TBARS was significantly 
lower for the groups that received resveratrol treatment 
(ALRv and RRv), compared to groups AL and R (p = 0.01) 
(Fig. 4). On day 10, there was no difference between the 
groups. TBARS originates from the reaction of low molec-
ular weight aldehydes, especially malondialdehyde, with 
thiobarbituric acid. These aldehydes are derived from lipid 
peroxidation of the unsaturated fatty acids of biological 
membranes [23, 27].

On day 3, the concentration of reduced thiols (–SH 
groups) was higher for groups ALRv and RRv, compared 
to the resveratrol treatment groups AL and R (p = 0.01). On 
day 10, there was only a significant difference in compar-
ing group ALRv with groups AL, R, and RRv (p = 0.01). 

Reduced thiol groups are mainly present in reduced glu-
tathione and the cysteine residues of proteins. These groups 
are preferential targets of reactive species, and therefore, act 
as antioxidants, with decreases in their concentrations being 
associated with a state of oxidative stress [44].

Discussion

During the repair process, fibroblasts are activated and 
become transformed to myofibroblasts that migrate to the 
area of the lesion, where they assist in closing the wound 
by promoting the synthesis and secretion of collagen [20]. 
Reed et al. [31] reported that calorie-restricted mice showed 
greater capacity for wound repair, compared to mice fed 
ad libitum, with the effect appearing to be mediated, in part, 
by the increase of proliferative cells and collagen biosyn-
thesis. In older Rhesus monkeys, 30% CR performed for 
7 years led to beneficial effects by reducing collagen glyca-
tion [35]. Here, increases of type I collagen were observed 
on days 3 and 10, leading to reorganization of collagen 
in groups ALRv, R, and RRv [46] found that resveratrol 
increased fibroblast maturation and collagen deposition in 
vivo. In the present study, the increase in collagen I could 
have been related to a possible participation of SIRT1, since 
the data showed that on day 3 this protein was present at 

Fig. 2   Representative photo-
micrographs of birefringent 
collagen fibers in the transverse 
sections of samples from the 
lesion areas of animals in the 
AL, ALRv, R, and RRv groups 
on days 3 and 10 of treatment. 
The sections were stained with 
picrosirius–hematoxylin and 
were analyzed under clear field 
and polarized (pol) light. The 
arrow indicates collagen fibers. 
Bar: 100 µm
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higher levels in the same groups. Decreased SIRT1 on day 
10 was indicative of adaptation of the tissue to the diet and 
resveratrol. The basis for this conclusion was that SIRT1 
exhibits antioxidative, angiogenic, anti-inflammatory, and 
anti-apoptotic properties [30], which are essential in activa-
tion of the initial responses to CR and to damaged tissue. In 
contrast, it has also been reported that resveratrol reduces 
fibroblast proliferation, hydroxyproline, and expression of 
collagens I and III in hypertrophic lesions [2, 47]. This was 
in contrast to the findings of [46], who found that adminis-
tration of resveratrol by gavage in females acted to increase 

fibroblasts and collagen deposition, in agreement with the 
present results concerning the use of resveratrol. In another 
study, it was shown that resveratrol suppressed prolifera-
tion and induced apoptosis in keloid fibroblasts, but did not 
decrease either type I collagen or the proliferation of normal 
skin fibroblasts [15].

Bashmakov et al. [4] attributed the upregulation of TGF-β1 
in diabetic foot wounds to an anti-inflammatory effect of res-
veratrol. In the experimental model used here, the same effect 
was observed for the RRv group on day 10, relative to day 3, 
since a reduction of this proinflammatory factor was observed, 
suggesting a relation with the decrease of SIRT1 for the same 
period and animal group.

It has been shown that resveratrol induces VEGF expres-
sion and, consequently, acts to regulate angiogenesis [46]. This 
regulation was also observed here and was probably associated 
with the expression of SIRT1, since VEGF is an activator of 
the latter. VEGF and bFGF are growth factors that also pre-
sent pro-angiogenic properties, with both being essential for 
healing. In addition to being angiogenic, bFGF influences the 
proliferation of endothelial cells and fibroblasts [10].

The correct balance between oxidative attack and antioxi-
dant capacity regulates the activity of most of the proteins 
present in the cells [21]. For example, the SIRT1 protein 
is activated by the reduction (oxidation–reduction reaction) 
of thiol groups present in its structure, promoted by the 
APE1/Ref-1 redox factor. This is of great importance for the 
homeostasis of endothelial tissue, mainly due to increased 
production of NO., which modulates tissue relaxation [17]. 
Other important activities in the processes of tissue repair 
and inflammation have also been attributed to this redox 
factor [41, 42], such as DNA repair and regulation of tran-
scription factors related to cell survival, apoptosis, and pro-
liferation [42]. Here, the increased levels of thiols observed 
in the ALRv and RRv groups revealed the participation of 
SIRT1, indicating positive modulation of inflammation, 
angiogenesis, and collagenesis. The findings of this work 
showed that both CR and resveratrol, as activators of SIRT1, 
could positively modulate the repair of tissue wounds, due 
to the induction of angiogenesis, fibroplasia, and collagen 
organization.

Table 1   Morphometric parameters evaluated for samples from the 
repair area for groups AL, ALRv, R, and RRv on days 3 and 10 of 
treatment

The values are presented as the means and standard errors for each 
group (n = 4)
*p < 0.05 vs. group AL

Times Day 3 Day 10
Parameters Groups

AL 20.3 ± 3.1 13.9 ± 3.1
Inflammatory infiltrate 

(n/104 µm2)
ALRv 19.9 ± 2.3 14.4 ± 2.7
R 18.2 ± 3.9 13.5 ± 2.3
RRv 22.3 ± 2.6 14.5 ± 2.2
AL 1.3 ± 0.3 1.7 ± 0.4

Blood vessels (n/104 µm2) ALRv 1.2 ± 0.3 1.8 ± 0.3
R 1.9 ± 0.2 2.4 ± 0.4*
RRv 2.1 ± 0.4* 2.5 ± 0.2*
AL 26,7 ± 4,1 44.2 ± 5.3
AL 26.7 ± 4.1 44.2 ± 5.3

Collagen fiber content (% of area) ALRv 28.5 ± 4.9 47.2 ± 5.7
R 30.1 ± 3.9 49.7 ± 4.1
RRv 33.2 ± 4.2 52.4 ± 3.9
AL 13.8 ± 2.5 38.7 ± 6.3

Birefringent collagen fibers (% 
of area)

ALRv 14.5 ± 3.3 39.2 ± 5.2
R 34.1 ± 4.2* 52.7 ± 4.9*
RRv 39.1 ± 5.6* 54.8 ± 5.1*
AL 22.3 ± 4.5 32.9 ± 3.8

Fibroblasts (n/104 µm2) ALRv 23.8 ± 3.9 39.1 ± 2.7
R 24.2 ± 2.6 34.2 ± 4.3
RRv 25.1 ± 3.1 45.2 ± 3.1*
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Fig. 3   Analysis of protein 
expression in the lesion samples 
for the AL, ALRv, R, and 
RRv animals: a representative 
bands of the proteins studied; b 
quantification of protein expres-
sion. The data are shown as 
means ± standard errors (n = 4). 
*p < 0.05 for the treatment 
groups vs. AL, and p < 0.05 for 
RRv (day 3) vs. RRv (day 10)
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