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Abstract

Background/Aims: Impaired wound healing is considered to be one of the most serious
complications associated with diabetes as it significantly increases the susceptibility of patients
to infection. Propolis is a natural bee product used extensively in foods and beverages that has
significant benefits to human health. In particular, propolis has antioxidant, anti-inflammatory
and analgesic effects that could be useful for improving wound healing. In this study, we
investigated the effects of topical application of propolis on the healing and closure of diabetic
wounds in a streptozotocin (STZ)-induced type I diabetic mouse model. Methods: Sixty male
mice were distributed equally into 3 experimental groups: group 1, non-diabetic control mice;
group 2, diabetic mice; and group 3, diabetic mice treated daily with a topical application of
propolis. Results: We found that diabetic mice exhibited delayed wound closure characterized
by a significant decrease in the levels of TGF-B 1 and a prolonged elevation of the levels of
inflammatory cytokines (IL-1B, IL-6 and TNF-a) and MMP9 in wound tissues compared with
control non-diabetic mice. Moreover, the wound tissues of diabetic mice showed a marked
reduction in the phosphorylation of Smad2 and Smad3 as well as a marked reduction in
collagen production. Interestingly, compared with untreated diabetic mice, topical application
of propolis significantly enhanced the closure of diabetic wounds and decreased the levels
of IL-1B, IL-6, TNF-a0 and MMP9 to near normal levels. Most importantly, compared with
untreated diabetic mice, the treatment of diabetic mice with propolis significantly enhanced
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the production of collagen via the TGF-f 1/Smad2,3 signaling axis in wounded tissues.
Conclusion: Our findings reveal the molecular mechanisms underlying the improved healing
and closure of diabetic wounds following topical propolis application.

Copyright © 2015 S. Karger AG, Basel

Introduction

Diabetic wounds represent an added burden for diabetic patients and health care
providers worldwide as they have low healing potential and residual ulceration due to
associated neuropathy and vasculopathy [1]. Wound healing consists of overlapping but
coordinated processes, including homeostasis, inflammation, granulation tissue formation
and tissue remodeling [2]. An array of cytokines, growth factors, immune and inflammatory
mediators, as well as their associated signaling cascades, are involved in tissue regeneration
and wound closure [3]. In diabetes, both the cellular and extracellular milieus are abnormal,
showing prolonged inflammatory and immune responses, impaired growth factor
production, decreased angiogenesis and the production of atypical extracellular components
and remodeling matrix metalloproteinases (MMPs) [4, 5].

The pro-inflammatory cytokines IL-1f, IL-6 and TNF-a are primarily released by immune
cells early during the wound healing process (inflammatory stage) and act as effectors for
keratinocytes and fibroblasts to stimulate tissue deposition and epithelialization [6, 7].
Persistent inflammation has been directly linked to delayed healing and wound chronicity [5].
Indeed, high levels of these cytokines are found in diabetic ulcers and have been associated
with scarring events, which is the end result of fibroblast apoptosis and extracellular matrix
(ECM) degradation [8].

The proper tensile strength and biomechanical properties of wounds are dependent
on the biochemical composition of the wound during the late remodeling stages of the
healing process, and they are governed primarily by the type of collagen deposited in the
extracellular matrix [9] and the balance between MMPs and their tissue inhibitors [10]. Type
I collagen, a major extracellular matrix component, not only confers strength and integrity to
the tissue matrix but also plays an important role in homeostasis and epithelialization during
the later stages of wound healing [11]. Decreased collagen deposition has been reported as
a mechanism of delayed wound healing, as indicated by low hydroxyproline levels in the
presence of normal collagenase activity in both diabetic humans [12] and experimental
diabetes models [13]. Delayed wound healing is also affected by increased levels of collagen
type Il relative to collagen type I in the wounds of diabetic mice compared with non-diabetic
controls [14]. The presence of MMPs is required early during wound healing to stimulate the
mobilization of keratinocytes and activate the precursors of various inflammatory mediators
and growth factors [10]. Prolonged and excessive expression of MMP9 during the later stages
of wound healing are detrimental, as they lead to ECM decomposition and a reduction in the
tensile strength of the wound, as is observed in diabetic wounds [15, 16].

Upon binding of the TGF-f ligand to receptors with serine/threonine kinase activity,
Smad?2 and Smad3 become phosphorylated, causing them to bind to Smad4 and translocate
into the nucleus, where they activate or repress the expression of TGF-3 target genes [17].
TGF-B is an important regulator of wound healing, and it is released by platelets very early
during the wound healing process. In particular, TGF-f is responsible for the chemotaxis
of inflammatory and immune cells to the wound site [18]. TGF-B also stimulates the
deposition of extracellular matrix and the formation of granulation tissue [19]. Moreover,
TGF-B is important for the final steps of tissue remodeling during wound healing by
mediating the replacement of collagen type III with collagen type I [20]. TGF-3 also supports
wound epithelialization by stimulating keratinocyte proliferation and modulating integrin
expression to induce a more migratory phenotype [21]. Indeed, defective TGF-f3 signaling
contributes to delayed wound healing in diabetes [22, 23].

The treatment of diabetic wounds is a challenge in clinical practice, and the development
of more effective treatment strategies is required. One promising pharmacological candidate
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is propolis, which has been safely used for centuries and is relatively inexpensive. Propolis
is a natural product found in plant materials and is processed by worker bees by mixing the
material with salivary enzymes and wax [24]. The well-established anti-inflammatory [25],
antioxidant [26] and antibacterial [27] properties of propolis make it an attractive candidate
for the treatment of diabetic wounds in animals [28, 29] and humans [30, 31]. However, the
mechanisms through which propolis induces wound healing, particularly in the context of
diabetes, are still poorly understood. Therefore, the current study was conducted to elucidate
the biochemical basis and signaling pathways through which the topical application of
propolis enhances diabetic wound healing.

Materials and Methods

Propolis preparation

Honey Spring propolis (batch number 4A80) was collected from Saudi Arabia by Eng. Abdullah
Bagshan, Chair for Bee Research at the College of Food and Agriculture Sciences, King Saud University.
Collection of the propolis and determination of its contents were identifies in our laboratory using high-
speed counter current chromatography and off-line atmospheric pressure chemical ionization mass-
spectrometry injection as previously described [32]. Briefly, preparations of propolis extract consisted
of three phases including drying, extracting, and evaporating. The drying process began by washing the
sample, cutting it into small pieces, and putting them in the oven with a temperature of 40-60°C. Before
the extraction process, samples were dried and then crushed by a blender. 200 grams of dry samples were
weighed and putin 1 L Erlenmeyer glass, soaked with ethanol to the volume of 1 L (20%). Sample in ethanol
was stirred for # 30 minutes and allowed to stand overnight to settle. Then, solution containing the active
substance was filtered with filter paper. Soaking process was repeated three times and the last stage was
evaporation. Extraction solvent was inserted into 1 L evaporation flask. Then, water bath was filled with
water up to a full circuit and then installed according to an equipment protocol and set to a temperature
of 90°C. Ethanol was allowed to drip in the flask (#1.5-2 hours/flask containing + 900 ml). Extraction
results obtained roughly one tenth of dried natural materials (20 grams extract/200 gram’s sample). A
final solution equivalent to 400 mg/ml was prepared by dissolving this extract (20 grams) in 50 ml of 70%
ethanol and this final solution was stored in hermetically-sealed brown-glass bottles at room temperature.
Previous studies have shown that the prepared propolis extract using this method is stable for 6 months,
maintaining its antimicrobial and antioxidant activities over this period [33]. According to numerous data
in our laboratory, using different animal models, a daily dose of ethanolic soluble derivative of propolis
(5-20 mg topically applied to wounded area) does not show any toxic effects and subsequently this dose
is categorized safe. We therefore, used an optimal dose of ethanolic soluble derivative of propolis (25 pl
equivalent to 10 mg) daily applied for the treatment of normal and diabetic mice.

Chemicals
Streptozotocin (STZ) was obtained from Sigma Chemicals Co. (St. Louis, MO, USA). STZ was dissolved
in cold 0.01 M citrate buffer (pH 4.50), which was freshly prepared (within 5 min) as needed.

Animals and diabetes induction

A total of 60 sexually mature 12-week-old male BALB/c mice weighing 25-30 g each were obtained
from the Central Animal House of the Faculty of Pharmacy at King Saud University. All animal procedures
were conducted in accordance with the standards set forth in the Guidelines for the Care and Use of
Experimental Animals by the Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) and the National Institutes of Health (NIH). The Animal Ethics Committee of the Zoology
Department, College of Science, King Saud University approved the protocol used in this study according to
the Helsinki Principles. All animals were acclimated to metal cages in a well-ventilated room for 2 weeks
prior to experimentation. The animals were maintained under standard laboratory conditions (23°C, 60-
70% relative humidity and a 12-h light/dark cycle), fed a standard diet of commercial pellets and given
water ad libitum. All mice were fasted for 20 h prior to diabetes induction. The mice (n = 40) were rendered
diabetic by intraperitoneal (i.p.) injection of STZ (60 mg/kg body weight in 0.01 M citrate buffer pH 4.5)
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daily for 5 consecutive days [34, 35]; mice in the control group (n = 20) were injected with vehicle alone
(0.01 M citrate buffer, pH 4.5). Mice were considered diabetic if glycemia was higher than 220 mg/dl. The
animals were housed for 2 weeks prior to wound formation and propolis treatment.

Excisional wound preparation and macroscopic examination

Two weeks post-diabetes induction, the mice were wounded as previously described [34]. Briefly, the
mice were anesthetized with a single i.p. injection of ketamine (80 mg/kg body weight) and xylazine (10
mg/kg body weight). The hair on the back of each mouse was shaved, and the back was cleaned with 70%
ethanol. Two wounds (8 mm in diameter, 3-4 mm apart) were made on the back of each mouse by excising
the skin and underlying panniculus carnosus. The animals were then divided into three experimental
groups: group 1, control non-diabetic mice topically treated with 25 pl 70% ethanol (vehicle)/wounded
area/day for 15 days (n=20); group 2, diabetic mice topically treated with 25 pl vehicle/wounded area/day
for 15 days (n=20); and group 3, diabetic mice topically treated with 25 pl of ethanolic soluble derivative of
propolis (25 pl equivalent to 10 mg) /wounded area/day for 15 days (n=20). The optimal dose of propolis was
determined in our laboratory on the basis of the LD, value and several previously established parameters.
Propolis was painted onto the entire wound surface with a sterile cotton bud. Skin biopsy specimens were
obtained from the animals at 3, 6, 9, 12, and 15 days post-wounding. For each time point, a skin sample
- which included the scab, the complete epithelial and dermal compartments of the wound margins, the
granulation tissue, and portions of the adjacent muscle and subcutaneous fat tissue - was excised from
each individual wound. As a control, a similar sample of skin was collected from the backs of non-wounded
wild-type mice. Each wound site was digitally photographed at the indicated time intervals to document
the wound area. Changes in the wound area are expressed as a percentage of the initial wound area. At the
indicated time intervals, the tissue of two wounds from ten animals (n = 20 wounds) was collected for RNA,
western blot and ELISA analyses.

Measurement of hydroxyproline content in the wound sites

Attheindicated time intervals after the injury, skin wound sites were removed using a sterile disposable
biopsy punch and were dried for 24 h at 120°C, the levels of hydroxyproline, a major constituent of collagen
in skin wound sites, was measured to quantify collagen accumulation at the wound site, as previously
described [36]. Hydroxyproline content was calculated by comparison to standards and is expressed as the
amount (pg) per wounded tissue weight.

Blood analysis

Blood glucose levels were determined using an AccuTrend sensor (Roche Biochemicals; Mannheim,
Germany). Luminex (Biotrend; Diisseldorf, Germany) was used to analyze serum insulin levels, according to
the manufacturer’s instructions.

Biochemical analysis of wounded tissues

Measuring cytokine levels. A 2.0-mm punch biopsy taken from the wound site was harvested and frozen
in liquid nitrogen. Specimens were homogenized in cytoplasmic lysis buffer containing protease inhibitors
(Roche Diagnostics), disrupted using Fast Prep (Q-Biogene; Solon, OH, USA), and centrifuged at 5000 x g
for 10 min. The protein concentration in each lysate was determined using the bicinchoninic acid (BCA)
protein assay kit (Pierce; Rockford, IL, USA). The supernatants were then assayed to determine IL-1f3, IL-6,
TNF-a, TGF-1, MMP2 and MMP9 levels using a commercial ELISA kit (R&D Systems; France), according to
the manufacturer’s instructions. The results are expressed as target molecule (picograms) per total protein
(milligrams) for each sample.

Western blot analysis

The skin and wound tissue biopsies were homogenized in lysis buffer (1% Triton X-100, 137 mM Nac(l,
10% glycerol, 1 mM dithiothreitol, 10 mM NaF, 2 mM Na,Vao,, 5 mM ethylenediaminetetra-acetic acid, 1
mM phenylmethylsulfonylfluoride, 5 ng/ml aprotinin, 5 ng/ml leupeptin and 20 mM Tris/HCI, pH 8.0), and
the lysates were prepared as previously described [37]. Fifty micrograms of total protein from the skin
lysates was analyzed using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis.
Antibodies (Abs) directed against anti-collagen type 1 antibody (1:5000) phospho-Smad2 (pSmad2)
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(1:1000), pSmad3 (1:1000), total Smad2 (1:2000), total Smad3 (1:2000) and (-actin (1:4000) (all from
Abcam, Paris, France) were used in combination with horseradish peroxidase-conjugated secondary Abs,
and the proteins were visualized using an enhanced chemiluminescence (ECL, Supersignal Westpico
chemiluminescent substrate; Perbio, Bezons, France) detection system. The ECL signal was detected
on Hyperfilm ECL. To quantify the band intensities, the films were scanned, saved as TIFF files, and then
analyzed using the NIH Image ] software program.

Statistical analysis

The data were tested for normality (using an Anderson-Darling test) and variance homogeneity
prior to further statistical analysis. The data were normally distributed and are expressed as the mean *
SEM (standard error of the mean). Significant differences between groups were analyzed using one-way
analysis of variance (for more than two groups) followed by Tukey’s post-test using SPSS software version
17. Data are expressed as the mean + SEM. Differences were considered statistically significant at P < 0.05
for diabetic vs. control; *P < 0.05 for diabetic + propolis vs. control; or #P < 0.05 for diabetic + propolis vs.
diabetic.

Results

Propolis enhances wound closure in diabetic mice

We evaluated macroscopic changes at the skin-excision wound sites in control mice,
diabetic mice and diabetic mice treated topically with the ethanolic soluble derivative of
propolis. Pictures were taken on day 0, immediately following injury. The wound sites
exhibited a similar morphology in all 3 experimental groups on day 3 post-injury. The
wounds in the control and diabetic mice treated with propolis showed nearly similar degree
of closure at 15 days post-injury. By contrast, the diabetic mice exhibited delayed wound
closure. A representative result is shown (Fig. 1A). The accumulated data showing the
change in the percentage of wound closure at each time point (relative to the original wound
area) from 10 mice per group are shown (Fig. 1B). These results showed that wound closure
and healing were accelerated in diabetic mice treated topically with the ethanolic soluble
derivative of propolis compared with diabetic mice treated with vehicle alone. We also
measured the blood glucose and insulin levels in the 3 groups of mice before and throughout
the indicated time points post-wounding. Accumulated data from 10 animals from each
group revealed that the diabetic mice exhibited significant elevation in the glucose levels and
significant decrease in the insulin levels compared to the control non diabetic mice (Table
1). However, when the diabetic mice were treated with the ethanolic soluble derivative of
propolis the blood glucose levels were not significantly decreased and the insulin levels were
not significantly increased compared to the diabetic mice treated with vehicle (Table 1).

Topical application of propolis to diabetic wounds restores the levels of wound-tissue pro-

inflammatory cytokines, TGF-f 1 and MMP9

ELISAs were used to measure the levels of pro-inflammatory cytokines, TGF-f3 1 and
MMP9, which play importantroles in wound healing, in the excisional wound tissues collected
from the 3 groups of mice on days 3, 6,9, 12 and 15 post-wounding. Day 0 samples were
collected one hour prior to wound formation (non-wounded skin tissue). The accumulated
data from 10 individual mice from each group revealed elevated levels of pro-inflammatory
cytokines (IL-1f, IL-6, and TNF-a) and MMP9 in diabetic mice compared with controls,
as shown in Fig. 2. In particular, the diabetic mice exhibited elevated levels of the pro-
inflammatory cytokines IL-1f (Fig. 2A), IL-6 (Fig. 2B) and TNF-« (Fig. 2C), as well as MMP9
(Fig. 2D), compared with control non-diabetic animals. Interestingly, the diabetic mice that
were treated topically with the ethanolic soluble derivative of propolis showed a partial but
significant restoration of wild-type expression for IL-1f3 (Fig. 2A), IL-6 (Fig. 2B), TNF-a (Fig.
2C), and MMP9 (Fig. 2D) compared with vehicle-treated diabetic animals. Nevertheless, in
contrast to the levels of pro-inflammatory cytokines and MMP9, diabetic mice exhibited a
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Fig. 1. Macroscopic changes in skin excisional wounds during wound closure. (A) The wound sites were
photographed at the indicated intervals. The pictures at day 0 were taken immediately after injury. (B) Re-
presentative data from 10 individual mice per group indicating changes in the percentage of wound closure.
The data are presented as mean + SEM values. 'P < 0.05, diabetic vs. control; *P < 0.05, diabetic + propolis vs.
control; #P < 0.05, diabetic + propolis vs. diabetic.

Table 1. Blood glucose
and insulin levels in the
three groups of mice
from the onset of diabetic
induction until the end of
the experiments

KARGER

Blood glucose level (mg/dL)

Onset of diabetic induction

Two weeks post-diabetes induction
0 day post-wounding

3 days post-wounding

6 days post-wounding

9 days post-wounding

12 days post-wounding

15 days post-wounding

Onset of diabetic induction

Two weeks post-diabetes induction
0 day post-wounding

3 days post-wounding

6 days post-wounding

9 days post-wounding

12 days post-wounding

15 days post-wounding

“P<0.05 Diabetic vs control.

+P<0.05 Diabetic + propolis vs control.

Control mice
120+11
127+12
101+10
90+9.8

131+13.8
128+11.6
162+12.4
139+14.4

Control mice
5.6+0.5
5.7+£0.36
4.9+0.32
5.1+0.4
5.2+0.4
4.9+0.33
5.4+0.45

4.98+0.35

Diabetic mice
260+15.8 *
344+18.2 *

360+16 *
368+19 *
370422 *
345121 *
392+21.6 *
386+19.4 *

Diabetic + propolis
244+16.4 +
315+18.4 +
311+17.2 +

339£18 +
353+21 +
326£19 +
362+20.8 +
359421 +

Blood insulin level (ng/ml)

Diabetic mice
3.1+0.29 *
2.2+0.22 *
1.6+0.18*
1.8+0.19 *
1.9+0.22 *
2.1+0.2 *
2.1+0.16 *

2.05+0.18 *

Diabetic + propolis
3.7x0.28 +
2.620.26 +
1.7£0.21 +
1.9+0.18 +
1.95+0.19 +

2.3+0.2 +
2.2+0.25 +
2.4+0.16 +
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Fig. 2. Changes in the levels of pro-inflam-
matory cytokines and MMP9 during wound
healing. The levels of pro-inflammatory
cytokines (IL-1p, IL-6, TNF-a and TGF-3)
and MMP9 were measured in the 3 groups
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of phosphorylated Smad2, total Smad2 and total B-actin (loading control) (Fig. 3A),
phosphorylated Smad3, total Smad3 and total -actin (loading control) (Fig. 3B) are shown
in control non-diabetic mouse (CM), vehicle-treated diabetic mouse (DM) and diabetic
mouse treated with propolis (DM+P) in wounded tissues at 6, 9 and 12 days post-wounding.
We found that the phosphorylation of Smad2 and Smad3 were markedly reduced in vehicle-
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Fig. 3. Topical application of propolis affects the phosphorylation of Smad2 and Smad3 in wounded tissues.
Immunoblots showing one representative experiment is shown for phosphorylated Smad2 and total Smad2
(A), phosphorylated Smad3 and total Smad3 (B) in control non-diabetic mouse (CM), diabetic mouse (DM)
and diabetic mouse treated topically with propolis (DM+P). Accumulated data from five independent expe-
riments are shown for normalized Smad2 (C) and Smad3 (D) phosphorylation in control non-diabetic (open
bars), diabetic (closed black bars) and diabetic animals treated topically with propolis (gray dotted bars)
in wounded skin samples (at 6, 9 and 12 days post-wounding). Values represent the mean + SEM. P < 0.05,
diabetic vs. control; *P < 0.05, diabetic + WP vs. control; P < 0.05, diabetic + WP vs. diabetic (ANOVA with
Tukey’s post-test).

treated diabetic mice, as the immunoblots showed very low intensity bands over the
entire wound healing process compared with control non-diabetic mice. By contrast, the
propolis-treated diabetic mice displayed enhanced phosphorylation of Smad2 and Smad3,
which peaked at 9 and 12 days post-injury, similar to the levels observed in the control non-
diabetic mice. Nevertheless, treatment of diabetic mice with propolis had no effect on the
expression of Smad2 and Smad3. Accumulated data from five individual mice per group
are shown for the normalized phosphorylation of Smad2 to the total relevant Smad2 (Fig.
3C) and normalized phosphorylation of Smad3 to the total relevant Smad3 (Fig. 3D). We
found that vehicle-treated diabetic mice (closed black bars) exhibited a significant reduction
in the normalized Smad2 and Smad3 phosphorylation from days 6 to 12 post-wounding
compared with control (open bars) and propolis-treated diabetic mice (gray dotted bars).
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Interestingly, when diabetic mice were treated topically with the ethanolic soluble derivative
of propolis, they exhibited a significant restoration of both normalized Smad2 and Smad3
phosphorylation. Similarly, accumulated data from five individual mice per group are shown
for the normalized phosphorylation of Smad2 to total -actin (Fig. 3E) and normalized
phosphorylation of Smad3 to total B-actin (Fig. 3F).

Propolis enhances the production of collagen and accelerates diabetic wound healing

Increased collagen contentin the extracellular matrix is a characteristic change observed
during the proliferative phase of the wound healing process. As hydroxyproline is found
almost exclusively in collagen, we used hydroxyproline content as an indicator of collagen
type I levels at the wound sites. The accumulated data from 10 individual mice per group
demonstrated that hydroxyproline content was significantly decreased in diabetic mice with
decreased wound closure compared with control mice (Fig. 4A). Compared with control
mice, there was less collagen accumulation at wound sites in diabetic mice, consistent with
the delays in wound healing. However, diabetic mice that were treated topically with the
ethanolic soluble derivative of propolis exhibited a significant restoration of hydroxyproline
content compared with vehicle-treated diabetic mice. To confirm the alteration in the
expression of collagen type I in the diabetic animals when treated topically with the
ethanolic soluble derivative of propolis, Western blot analysis was assessed to monitor the
expression of collagen type I at its protein level and one representative immunoblot showing
one of the five experiments is shown (Fig. 4B) in control non-diabetic mouse (CM), vehicle-
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treated diabetic mouse (DM) and diabetic mouse treated with propolis (DM+P) in wounded
tissues at 6, 9 and 12 days post-wounding. Our data demonstrated that the expression of
collagen type I was markedly reduced in vehicle-treated diabetic mice, as the immunoblots
showed very low intensity bands compared with control non-diabetic mice. By contrast,
the propolis-treated diabetic mice displayed an obvious increase in the expression of
collagen type I at 9 and 12 days post-injury, similar to the levels observed in the control non-
diabetic mice. Accumulated data from five individual mice per group are shown (Fig. 4C)
for the normalized values of collagen type I expression to the relative intensities of 3-actin
values. Our data revealed that vehicle-treated diabetic mice (closed black bars) exhibited
a significant reduction in the collagen type I expression (from days 6 to 12 post-wounding
compared with control (open bars) and propolis-treated diabetic mice (gray dotted bars).
Interestingly, when diabetic mice were treated topically with the ethanolic soluble derivative
of propolis, they exhibited a significant restoration of collagen type I expression.

Discussion

Natural antioxidants play central roles in enhancing the immune system through
mechanisms dependent on the oxidative stress which, in turn, seems to play significant
roles in many human diseases. In this context, we previously demonstrated the beneficial
effects of thymoquinone in the treatment of multiple myeloma and improving the diabetic
complications by restoring the T cell immune response in diabetic offspring [37-40]. Most
interesting, we shown that natural antioxidants isolated from ants venoms were able to
enhance the normal lymphocyte functions and exerts antitumor effects on the breast cancer
cells [41]. Moreover, we provide clear evidences for the effects of camel whey protein for
accelerating the healing process of diabetic wounds in experimental animal models [34, 42,
43]. Propolis is a natural antioxidant product found in plant materials and is processed by
worker bees.

The present study showed that the topical application of propolis to diabetic wounds
in mice accelerated wound closure to a rate that was similar to that in non-diabetic control
mice and significantly faster than that in untreated diabetic mice. These improvements were
evident during the earliest stages post-incision and continued over the entire two-week
study period, indicating that propolis application impacts all stages of the healing process.
Our data are consistent with previous studies in humans and animals, as well as with older
reports describing the use of propolis to treat ulcers [28-30]. Topical application of propolis
had no effect on the glucose levels as shown in Table 1 suggesting that treatment of diabetic
wounds with propolis accelerates the healing process by reversing the diabetic complication
rather than lowering the glucose level.

The wound repair-enhancing effects of propolis are partly due to its anti-inflammatory
properties. It is thought that prolonged inflammation impairs the healing process in diabetic
patients, and it is recognized that elevated IL-1f3, IL-6, and TNF-a levels are found in diabetic
wounds [34, 44]. Therefore, it has been suggested that targeting inflammatory mediators
could be an effective strategy for improving healing dynamics in diabetes. In the present
study, we show that propolis application abrogated the inflammatory process associated
with diabetic wounds and restored the expression of IL-1 3, [L-6 and TNF-a to near wild-
type levels. A direct inhibitory effect of propolis on cytokine production by immune cells
has been documented [45], supporting the anti-inflammatory profile shown in the current
study. Restoration of the proper expression levels of these cytokines is likely associated with
inhibition of the inflammation feedback loop 45], as well as with decreased degradation
of the ECM through the inhibition of MMP expression [46, 47]. Indeed, MMP9 levels were
correlated with pro-inflammatory cytokine levels in this study, consistent with the hypothesis
that propolis reduces proteolytic activity during cutaneous inflammation. It was previously
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reported that propolis and its extracts reduce MMP9 expression in diabetic wounds,
particularly TNF-induced MMP9 [30]. In particular, fir honeydew flavonoids inhibited TNF-
a-induced MMP9 expression in keratinocytes at both the gene and protein levels [48].

Propolis increased the levels of both collagen type 1 and its major constituent
hydroxylproline in the wounds of diabetic mice. This finding was consistent with the
accelerated healing observed in the treatment group compared with the diabetic PBS-treated
group, which showed reduced expression of collagen type | and hydroxyproline. Similar
healing profiles in the ECM (i.e., increased levels of collagen and its degradation products)
were reported in rat excisional [28] and burn wounds [49] following propolis application.
Additionally, enhanced healing and early stage replacement of collagen type 1l with collagen
type [ in burn wounds have been reported using propolis extract-coated collagen dressings
[50]. Diminished collagen deposition is a mechanism of delayed wound healing, and propolis
can restore the composition and quality of the ECM. These improvements may be due to
reduced MMP9 levels, as described above, and indeed, the restoration of proper MMP9
levels using laser therapy improved ECM quality in diabetic mice [50]. However, in our study,
increased collagen type | was observed at the level of gene expression, as well as at the
protein level, as demonstrated by higher hydroxylproline values.

To further define the role of TGF-f in enhancing wound healing following propolis
application, we characterized TGF-B1 gene expression at mRNA and protein levels, as well
as phosphorylation of the downstream Smad transcription factors. Downregulation of the
Smad2/3 signaling pathway is correlated with decreased collagen type 1 transcription in
fibroblast cell lines [51]. Additionally, multiple studies using a variety of pharmacological
and physical agents have demonstrated the induction of collagen expression and synthesis
in dermal fibroblasts in a TGF-f/Smad-dependent manner [52-54]. Therefore, a means to
positively target the TGF-f3 pathway would certainly be useful for the treatment of diabetic
wounds. Strikingly, propolis application to diabetic wounds resulted in the upregulation of
TGF- gene expression and enhanced Smad2/3 phosphorylation compared with Vehicle-
treated diabetic wounds, and these effects were observed from the earliest stages, peaking
around day 9 of the study. In addition to the transcriptional activation of collagen expression,
the downregulation of both TNF-a and MMP9 in the cutaneous wounds of diabetic mice
is consistent with increased TGF-3/Smad signaling, given that the upregulation of TGF-f/
Smad is accompanied by the downregulation of TNF-a and MMP9 as well as decreased
inflammation. Indeed, the promoters of both factors harbor TGF-3/Smad response elements,
and TGF-[3 has been shown to downregulate TNF-a-induced MMP9 expression in monocytes
[55]. Other potential mechanisms through which propolis application could promote wound
healing via TGF-B/Smad upregulation are the stimulation of keratinocyte migration and
increased integrin expression [56], which will require further investigation.

It has been shown that HoxD3, a homeobox transcription factor that promotes
angiogenesis and collagen synthesis, is up-regulated during normal wound repair whereas
its expression is diminished in impaired healing wounds of the genetically diabetic (db/db)
mouse as compared to wild-type mice with normal healing wounds [57]. In this context,
it was concluded that decreased expression of HoxD3 was due to marked reduction in the
expression of cytokines and growth factors including TGF-[3, which are all reduced in diabetic
models. [57]. Therefore, it is possible that treatment of diabetic wounds with propolis
restored TGF- expression and signaling-mediating HoxD3 and Smad and subsequently
collagen expression.

Ithas been established that TGF-f induced proliferation of keratinocytes and fibroblasts,
led to new formation of capillaries in the granulation tissue and modulated extracellular
matrix deposition and reconstitution of the injured area. Additionally, topical application of
growth factors was successful to accelerate healing of full thickness wound in normal mice
and normalizes a delayed healing response of diabetic rats. Miyzono and Heldin reported
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that TGF-f is a family of multifunctional 25KDa protein (TGF-beta 1, 2, 3) which stimulates
collagen and fibronectin formation in variety of fibroblast cell lines [58]. Moreover, TGF-beta
is known to regulate the differentiation of cells, induce chemotaxis of inflammatory cells and
induce the accumulation of extra cellular matrix protein [59]. Spom et al. stated that TGF-f3
is a human DNA-derived polypeptide growth factor that induces normal soft tissue repair
mechanism and reverses deficient repair rates. This growth factor is released by platelets,
monocytes/macrophages, endothelial cells and fibroblasts, cells that are essential to the
repair process [60]. In this work by Spom et al. they found that TGF-§ played a central role
in wound healing. It influenced the inflammatory response, angiogenesis, granulation tissue
formation, reepithelization, extracellular matrix deposition and remodeling. Therefore, it is
possible the effects of propolis in accelerating healing process of diabetic wounds was due to
its direct effect on the expression of TGF-[3 and it downstream signaling. The present study
indicates that the topical application of propolis enhances the wound repair process in the
context of diabetes by promoting TGF-f/Smad signaling, leading to increased expression
and deposition of collagen type I, reduced MMP expression, and decreased inflammation.
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