Heliyon 7 (2021) e08533

Contents lists available at ScienceDirect

Heliyon
Heliyon

¢ CellPress

journal homepage: www.cell.com/heliyon caress

The effects of oral Aloe vera on the efficacy of transplanted human
endothelial cells and the expression of matrix metalloproteinases in diabetic
wound healing

Check for
updates

Supassanan Kaewsrisung “, Supakanda Sukpat b Nipan Issarasena ¢, Suthiluk Patumraj”,
Juraiporn Somboonwong %

2 Inter-Department of Physiology, Graduate School, Faculty of Medicine, Chulalongkorn University, Bangkok, 10330, Thailand

Y Department of Physiology, Center of Excellence for Microcirculation, Faculty of Medicine, Chulalongkorn University, Bangkok, 10330, Thailand

¢ Stem Cell and Cell Therapy Research Unit, Department of Pharmacology, Faculty of Medicine, Chulalongkorn University, Bangkok, 10330, Thailand
9 Department of Physiology, Faculty of Medicine, Chulalongkorn University, Bangkok, 10330, Thailand

ARTICLE INFO ABSTRACT

Keywords: Background: Diabetic wounds are characterized by delayed healing and impaired angiogenesis. Aloe vera and
Diabetic wound healing human umbilical vein endothelial cells (HUVECs) are reported to facilitate wound healing, and the former also
Aloe vera has hypoglycemic property. Matrix metalloproteinases are enzymes that play a role in diabetic wound
Human umbilical vein endothelial cells h X
(HUVEGs) pathogenesis.

} . Objective: To investigate whether oral Aloe vera can enhance the efficacy of HUVEC transplantation and inhibit the
Matrix metalloproteinases (MMPs) . . . . . . . .
Angiogenesis expression of matrix metalloproteinases in wound healing of diabetic mice.

Materials and methods: BALB/c nude mice were randomly assigned into five groups: normal control group, diabetic
group (DM), DM transplanted with HUVECs, DM treated with oral Aloe vera, and DM treated with combined
HUVECs and oral Aloe vera. Diabetes was induced by streptozotocin. Bilateral full-thickness excision cutaneous
wounds were created. At days 7 and 14 post-wounding, the following parameters were determined: blood glucose,
wound area, wound perfusion, capillary vascularity, re-epithelialization rate and tissue VEGF levels. Tissue ex-
pressions of MMP-2 and MMP-9 were compared between the DM mice and those treated with oral Aloe vera.
Results: Over days 7 and 14, Aloe vera exerted glucose-lowering effect in diabetic mice. Higher wound closure rate,
blood flow and capillary vascularity, and lower MMP-2 and MMP-9 expressions were observed at both time points
in DM treated with Aloe vera group compared with DM group (P < 0.05). Moreover, combined therapy of HUVECs
and oral Aloe vera was more effective than Aloe vera or HUVECs alone in increasing VEGF levels, capillary
vascularity and wound perfusion. Blood glucose levels were negatively correlated with angiogenesis (P = 0.000.
Conclusion: It is suggested that oral Aloe vera enhances the efficacy of HUVEC transplantation on diabetic wound
angiogenesis, partly through improving glycemic control. Oral Aloe vera also promotes diabetic wound healing via
inhibition of MMP-2 and MMP-9 expressions.

1. Introduction

Diabetes is a chronic disease considered to be one major global public
health concern. As stated by the International Diabetes Federation, the
global diabetes prevalence is projected to rise from 463 million people in
2019 to 578 million by 2030 and 700 million by 2045 [1]. Among the
most common complications of diabetes are foot ulcers where 15% of
diabetic patients have foot ulcers that lead to amputation by 84% [2].
Long-term hyperglycemia can cause damage to many organs, especially
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nerves and blood vessels. This damage is partly due to an increased
formation of advanced glycation end products (AGEs) that triggers
endothelial cell dysfunction and impaired angiogenesis [3].

It is evident that damaged endothelial cells can be repaired by
endothelial progenitor cells (EPCs) which are critical to angiogenesis.
EPCs are immature endothelial cells with subtypes from different origins.
It has been shown that the amount and function of circulating EPCs are
decreased in type 1 and type 2 diabetic patients [4], and this decrease
was inversely related to HbA1C levels [5]. The function of EPCs in type 2
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diabetic patients with good glycemic control was also better than those
with poorly-controlled diabetes [6]. Interestingly, EPCs are effective in
promoting angiogenesis and the healing process of diabetic and
non-diabetic wounds [7, 8].

Human umbilical vein endothelial cells (HUVECS) are differentiated
endothelial cells having the ability to proliferate, migrate and form new
capillary networks. Also, HUVECs have been reported to secrete multiple
cytokines and growth factors that accelerate angiogenesis and wound
healing [9, 10]. Furthermore, relative to EPCs, HUVECs are easily
obtainable. For regenerative medicine research, HUVECs are, therefore,
among one of the most interesting options in place of EPCs to boost
wound healing.

One of the biomarkers which involves in wound healing are matrix
metalloproteinases (MMPs). MMPs are zinc-dependent enzymes that
degrade the extracellular matrix [11, 12]. MMP-9 was found to increase
in chronic wounds, which directly contributes to delayed healing
through its actions on collagen degradation and impaired epithelializa-
tion [13]. Besides the role in tissue remodeling, MMP-2 and MMP-9 also
exhibited an anti-angiogenic effect in vitro, which subsequently impaired
wound healing [14].

Aloe vera (L.) Burm. f. is known as a herbal medicine with various
pharmacological properties, including blood glucose-lowering, anti-in-
flammatory, antibacterial, antioxidant and wound healing promotion
activities [15, 16]. A number of studies in rodent models have proven the
therapeutic efficacy of Aloe vera gel on diabetic and non-diabetic wounds.
Aloe vera was reported to enhance the wound healing process by reducing
wound inflammation, stimulating fibroblast proliferation, collagen syn-
thesis, wound contraction, re-epithelialization and angiogenesis, as well
as increasing the production of growth factors such as transforming
growth factor-pl (TGF-pl) and vascular endothelial growth factor
(VEGF) in wounds [17, 18, 19, 20]. In vitro studies revealed that
B-sitosterol and aloesin extracted from aloe possessed angiogenic effect
by stimulating the proliferation and migration of HUVEGs, thus facili-
tating wound healing [21, 22].

As aforementioned, HUVECs and Aloe vera are beneficial to diabetic
wound healing and to the promotion of angiogenesis. Moreover,
administration of aloe through oral route can lower blood glucose levels.
Therefore, it is interesting to study the effects of oral Aloe vera on the
efficacy of transplanted HUVECs in diabetic wound healing, and to
identify whether Aloe vera has the ability to reduce MMP-2 and MMP-9
expressions. To our knowledge, little information is available regarding
such issues.

2. Materials and methods
2.1. Animals

A total of fifty male BALB/c nude mice (7-8 weeks old; body weight
20-25 g) were purchased from the Nomura Siam International Co., Ltd.,
Thailand. The mice were given an acclimation period of at least 1 week
prior to the experimentation. They were housed in the Animal House of
the Faculty of Medicine at Chulalongkorn University, in single cages at 25
+ 2 °C room temperature with a 12-h light dark cycle and fed ad libitum.
Approval of the experimental protocol was granted by the Institutional
Animal Care and Use Committee, Faculty of Medicine, Chulalongkorn
University (approval no. 07/2561). All animal procedures were con-
ducted in compliance with the Guide for the Care and Use of Laboratory
Animals of the National Research Council of Thailand.

The animals were randomly divided into 5 groups (n = 10 each):
normal control group (CON), diabetic group (DM), DM transplanted with
HUVECs (DM + HUVECs), DM treated with oral Aloe vera (DM + AV),
and DM treated with combined HUVECs and oral Aloe vera (DM +
HUVECs + AV). Each group was subdivided into 2 subgroups for
parameter studies at days 7 and 14 post-wounding. In the first part of the
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study, the following parameters were determined in all five groups: blood
glucose, wound area, wound perfusion, capillary vascularity, re-
epithelialization rate and tissue VEGF levels. In the second part, tissue
expressions of MMP-2 and MMP-9 were compared between DM mice and
those treated with oral Aloe vera.

2.2. Induction of type 1 diabetes

Following 6-to-8-h fasting, diabetes was induced in mice by intra-
peritoneal injection of streptozotocin (45 mg/kg) (Sigma Chemicals, St.
Louis, MO, USA) dissolved in 0.05 M citrate buffer (pH 4.5) for 5
consecutive days. Two weeks after diabetic induction, blood samples
taken from mouse tail tip by pricking method were measured for glucose
levels two hours postprandially using glucometer. Mice with blood
glucose values above 200 mg/dL were considered diabetic and recruited
in the study. The experiment was started eight weeks thereafter to ensure
the development of endothelial dysfunction in mice [23].

2.3. Preparation of HUVECs for wound implantation

HUVECs (ATCC, Manassas, Virginia, USA) were obtained from the
Stem Cell and Cell Therapy Research Unit, Faculty of Medicine, Chula-
longkorn University. The HUVECs were cultivated in endothelial cell
growth medium 2 (Lonza Group Ltd, Basel, Switzerland) mixed with 1%
penicillin-streptomycin (P/S) in 5% CO, incubator at 37 °C.

2.4. Preparation of Aloe vera

Aloe vera powder used in this study was extracted from its fresh leaves
(Naturex Inc., South Hackensack, USA). The Aloe powder was freshly
dissolved in 0.2 mL of distilled water and given orally to the mice at a
dose of 200 mg/kg twice a day. The administration was done after wound
creation until days 7 and 14 post-wounding.

2.5. Creation of full-thickness excisional wound model

Ten weeks following diabetic induction, which included 2 weeks after
diabetic induction and eight weeks after diabetic verification, the ani-
mals were anesthetized by intraperitoneal injection of sodium pento-
barbital (55 mg/kg). The skin was disinfected and full-thickness excision
wounds (0.6 x 0.6 sz) were inflicted with scissors on the left and right
sides of the back of the animal [24]. The wound bed was applied with
fibrin gel (Shanghai RAAS Blood Products Co., Ltd., Shanghai, China) or
fibrin gel containing 1x10° cells of HUVECs according to the experiment
groups. Co-loading of fibrin gel with HUVECs was done by adding 40 pL
of fibrin gel to 1x10° cells of HUVECs and mixed together using vortex
mixer before applying to each wound. The wound was then covered with
Tegaderm (3M Company, St. Paul, MN, USA). Parameter studies were
conducted on the seventh and fourteenth days after wound infliction.

2.6. Detection of blood glucose levels

Blood samples were obtained from the tail tip of each mouse by
pricking method. The 2-h postprandial blood glucose levels were
measured before wound creation (day 0) and at days 7 and 14 post-
wounding using test strips and glucometer.

2.7. Analysis of wound closure

At days 0, 7 and 14 post-wounding, both wounds of each mouse were
photographed with a digital camera (Fujifilm XA2, Tokyo, Japan).
Wound sizes were analyzed using digital image software (Image-Pro Plus
6.1; Media Cybernetics, Rockville, MD, USA). The sizes of both wounds
were then averaged for each mouse. The percentage of wound closure
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Figure 1. Blood glucose levels at days 7 and 14 post-wounding. CON: normal control group; DM: diabetic group; DM + HUVECs: DM transplanted with human
umbilical vein endothelial cells group; DM + AV: DM treated with oral Aloe vera group; and DM + HUVECs + AV: DM treated with combined HUVECs and oral Aloe
vera group. Results are presented as mean + SEM. *P < 0.05: significantly different between the groups.

was calculated using the following formula: % wound closure = (area of
original wound — area of final wound) x 100/area of original wound.

2.8. Measurement of wound blood perfusion

Blood perfusion was measured at eight sites with equal spacing
around the wound and digitally recorded using laser doppler flowmeter
(PeriFlux System 5000; Perimed B, Stockholm, Sweden), where the probe
was placed perpendicular to and 1 mm away from the wound edge. The
values obtained were then averaged for each mouse. Wound blood
perfusion was expressed as perfusion unit (PU).

2.9. Assessment of wound angiogenesis

The animals were put under anesthesia by intraperitoneal sodium
pentobarbital (55 mg/kg) and placed in a supine position. Jugular vein
cannulation was done to allow an injection of 0.1 mL of 5% fluorescein
isothiocyanate-labeled dextran (Sigma Chemicals, St. Louis, MO, USA).
The assessment of wound angiogenesis was performed on wound bed.
The images of the blood vessels were visualized and recorded using a
confocal fluorescence microscopy (100x magnification; Nikon eclipse
E800, Nikon, Japan). Capillaries were identified by the vessels with a
diameter of less than 15 pm. Image Pro II 6.1 Program was used to
analyze the percentage of capillary vascularity (%CV), which was then
calculated as follows: %CV = (pixel number within capillaries/total pixel
number of the entire frame) x 100 [24].

2.10. Histopathological study for re-epithelialization

Before the animals were sacrificed with an overdose of sodium
pentobarbital, the left-side wound samples were collected (0.6 x 0.6
cm?) and fixed in 10% formaldehyde for 24 h. Tissue samples were cut at
the center of the wound and then embedded in paraffin, cut into 4 pm-
thickness sections and stained with hematoxylin-eosin. Re-epithelializa-
tion was determined using a light microscope at 10x magnification.
Analysis of re-epithelialization was conducted using Image-Pro Plus 6.1
(Media Cybernetics, Rockville, MD, USA). The percentage of re-
epithelialization was calculated by the following formula: % re-

epithelialization = (distance covered by epithelium/distance of the
wound edges) x100 [25].

2.11. Determination of tissue VEGF levels

The right-side wound sample was collected from each mouse (0.6 x
0.6 cm?) without surrounding skin tissue and frozen at —-80°C for protein
extraction. Briefly, a 50-mg tissue sample was homogenized in RIPA lysis
buffer (Sigma Chemicals, St. Louis, MO, USA) with protease inhibitor
(Sigma Chemicals, St. Louis, MO, USA). The sample was sonicated and
centrifuged at 10,000 rpm for 10 min. The supernatant was collected and
analyzed for total tissue protein and VEGF by enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D systems, Minneapolis, Minnesota, USA).

2.12. Immunohistochemistry of MMP-2 and MMP-9 expressions

Tissue expressions of MMP-2 and MMP-9 were compared between the
DM and DM + AV groups using immunohistochemical technique. The
paraffin-embedded tissue samples of the left-side wound were cut into 2-
pum-thick sections. Deparaffinization, rehydration and antigen retrieval
were then performed using PT Link PT100 Slide Stainer (Dako, Santa
Clara, CA, USA). Next, endogenous peroxidase activity was inactivated
with 3% hydrogen peroxide for 5 min at room temperature. To assess
MMP-2 and MMP-9 expressions, the sections were incubated for 1 h at
room temperature with primary antibodies, including anti-MMP2 anti-
body produced in rabbit (Sigma Chemical Co., St. Louis, Missouri, USA)
at 1:50 dilution and anti-MMP9 antibody produced in rabbit (Sigma
Chemical Co., St. Louis, Missouri, USA) at 1:50 dilution, respectively. As
secondary antibody for both proteins, goat anti-rabbit immunoglobulins/
hrp (Dako, Santa Clara, CA, USA) was used at room temperature for 30
min. Slides were stained with 3,3'-diaminobenzidine at room tempera-
ture for 5 min, and finally counterstained with hematoxylin for 10 min.
The images were photographed with light microscope at 400x and
analyzed using Image Pro Plus 6.1 Program. The percentage of MMP-2
and MMP-9 expressions was calculated as follows: (pixel number
within the brown color area/total pixel number of the entire frame) x
100.
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Figure 2. Effect of combined treatment with HUVECs and oral Aloe vera on wound closure. (A) Photographs of full-thickness excisional skin wounds at days 0, 7 and
14 post-wounding. (B) Percentage of wound closure at days 7 and 14 post-wounding. CON: normal control group; DM: diabetic group; DM + HUVECs: DM trans-
planted with human umbilical vein endothelial cells group; DM + AV: DM treated with oral Aloe vera group; and DM + HUVECs + AV: DM treated with combined
HUVECs and oral Aloe vera group. Results are presented as mean + SEM. *P < 0.05: significantly different between the groups.

2.13. Statistical analysis

Results are presented as mean + SEM. Data were analyzed by one-
way ANOVA, and multiple comparisons among groups were assessed
using the Least Significant Difference (LSD). Correlation analysis was
performed using the two-tailed Pearson's correlation. All statistical ana-
lyses were conducted using SPSS program (version 22). Differences were
considered statistically significant at P < 0.05.

3. Results

At the end of the study, there were 9 mice left in the DM group as one
died during the experiment due to its diabetic condition.

3.1. Effect of Aloe vera on blood glucose levels

At days 7 and 14 post-wounding, blood glucose levels of the diabetic
mice treated with Aloe vera (DM + AV and DM + HUVECs + AV) were
significantly lower than those not receiving Aloe vera (DM and DM +
HUVECs).

At day 7 post-wounding, no significant difference in blood glucose
level was observed between the DM + HUVECs + AV and the CON
groups. The DM + AV group had a near-normal glucose level despite
having a significantly higher level than that of the CON group. Particu-
larly, at day 14 post-wounding, glucose levels of Aloe vera-treated dia-
betic mice (DM + AV and DM + HUVECs + AV) were comparable to the
CON group (Figure 1).
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Figure 3. Effect of combined treatment with HUVECs and oral Aloe vera on wound blood perfusion. CON: normal control group; DM: diabetic group; DM + HUVECs:
DM transplanted with human umbilical vein endothelial cells group; DM + AV: DM treated with oral Aloe vera group; and DM + HUVECs + AV: DM treated with
combined HUVECs and oral Aloe vera group. Results are presented as mean + SEM. *P < 0.05: significantly different between the groups.

3.2. Effect of Aloe vera and HUVECs on wound closure

Photographs of the wounds at days 0, 7 and 14 are displayed in
Figure 2A. Figure 2B shows that the percentage of wound closure in the
untreated DM group was lower than the CON group at days 7 and 14 after
wounding. All of the treated groups had significantly higher wound
closure rates than the untreated DM at both time points. Moreover, on
day 14, wound closure was better in the DM + HUVECs + AV group
compared with the DM + HUVECs group.

3.3. Effect of Aloe vera and HUVECs on wound blood perfusion

As illustrated in Figure 3, wound blood perfusion at both days 7 and
14 after wounding was decreased in the DM group compared with the
CON group. A rise in wound blood perfusion was observed in all of the
treated groups compared with untreated group. Interestingly, the DM +
HUVECs + AV group had significantly higher wound perfusion than the
CON, DM + AV or DM + HUVECs groups.

3.4. Effect of Aloe vera and HUVECs on wound angiogenesis

Figure 4A depicts the confocal images of wound angiogenesis of all
the experiment groups. Figure 4B reveals that the percentage of capillary
vascularity of the DM group was significantly decreased at days 7 and 14
post-wounding compared with the CON and all treatment groups. At day
7 post-wounding, no significant difference in capillary vascularity was
noted among the treated mice and the CON mice. In addition, the
capillary vascularity of the DM + HUVECs + AV group was more than
that of the DM + AV or DM + HUVECs groups at both time points, and
more than that of the CON group at day 14.

3.5. Effect of Aloe vera and HUVECs on tissue VEGF levels

On day 7, the DM group had a significantly decreased tissue VEGF
level than the CON group. Such VEGF levels were elevated in all of the
treated groups compared with the DM group. Moreover, the DM +
HUVECs + AV had a higher VEGF level than the DM at day 14 post-
wounding (Figure 5).

3.6. Effect of Aloe vera and HUVECs on re-epithelialization

Figure 6 showing histopathology of the lesions on days 7 and 14 notes
the difference in wound healing between the untreated diabetic mice and
the treated groups. On day 7, all the diabetic mice treated with different
modalities had complete healing, whereas ulcer persisted in the un-
treated diabetic mice. On day 14, no difference in this process between
groups was found since complete wound healing was detected in all mice.

At day 7 post-wounding, there was a significant decrease in re-
epithelialization rate of the DM group compared with that of the CON
group. The re-epithelialization rate of all treated diabetic groups was
greater than the DM group, but comparable to that of the CON group.
However, no significant differences were seen among all groups on day
14 (Figure 7).

3.7. Correlation analysis of blood glucose levels and capillary vascularity

Figure 8A displays a correlation analysis showing that blood glucose
levels were inversely correlated with %CV to moderate degree (r =
-0.489, P = 0.000). There were also substantially positive correlations
between %CV and tissue VEGF levels (r = 0.714, P = 0.000), and be-
tween %CV and wound blood perfusion (r = 0.696, P = 0.000), as shown
in Figures 8B and 8C, respectively.

3.8. Effect of Aloe vera on the MMP-2 and MMP-9 expressions of diabetic
mice

Figures 9 and 10, respectively demonstrate a marked diminution of
both MMP-2 and MMP-9 expressions in the DM + AV group compared
with the untreated DM at days 7 and 14 post-wounding (MMP-2: P =
0.001 and 0.009 for days 7 and 14, respectively; MMP-9: P = 0.000 and
0.009 for days 7 and 14, respectively).

4. Discussion

The main finding of this study is that over 7 and 14 days after
wounding in diabetic mice, there were delayed wound closures,
decreased blood perfusion and capillary vascularity in wounds. Oral
administration of Aloe vera, apart from lowering blood glucose, was able
to ameliorate all of the above parameters and inhibit the expressions of
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Figure 4. Effect of combined treatment with HUVECs and oral Aloe vera on wound angiogenesis. (A) The confocal images of capillaries in the wound bed. Bar scale is
100 pm. (B) Percentage of capillary vascularity. CON: normal control group; DM: diabetic group; DM + HUVECs: DM transplanted with human umbilical vein
endothelial cells group; DM + AV: DM treated with oral Aloe vera group; and DM + HUVECs + AV: DM treated with combined HUVECs and oral Aloe vera group.
Results are presented as mean + SEM. *P < 0.05: significantly different between the groups.

MMP-2 and MMP-9 in diabetic wounds at both time points, except for re-
epithelialization and tissue VEGF levels that were increased only at day 7.
Moreover, combined treatment of Aloe vera and HUVECs caused a higher
level of blood flow and capillary vascularity than treatment with either
HUVECsS or Aloe vera alone at both time points.

This study confirmed the characteristics of diabetic wounds,
including poor blood supply and impaired angiogenesis. VEGF, a crucial
pro-angiogenic growth factor, was also decreased, which is consistent
with previous reports [26, 27]. It is known that chronic hyperglycemia
induces the overproduction of superoxide by mitochondria, which con-
tributes to capillary endothelial cell dysfunction [28] and reduction in
the number and function of the circulating EPCs [4, 29]. This leads to
defective angiogenesis and blood perfusion that eventually results in
incomplete and prolonged wound repair [30]. In order to mimic the ef-
fect of chronic hyperglycemia on wound healing, we therefore, created
wounds eight weeks following diabetic induction in mice when endo-
thelial dysfunction was developed [23].

As angiogenesis is a key factor for successful healing, attempts to
accelerate diabetic wound healing through stimulating angiogenesis
have been made. Promising results were experimentally revealed by

using various therapeutic modalities such as Aloe vera [19, 20], EPC
transplantation [7, 8, 29]. Likewise, the present study showed that
treatment with oral Aloe vera or transplanted HUVECs significantly
increased capillary vascularity and wound blood perfusion of diabetic
mice at days 7 and 14 post-wounding. VEGF level was also increased but
only at day 7 because normally, after full-thickness excisional wounding,
its level increases maximally between day 3 to day 7, and then decreases
to basal levels thereafter [31]. Based on literature data, B-sitosterol, a
major substance in Aloe vera gel, is found to induce angiogenesis and
wound repair by increasing VEGF mRNA expression [21]. Moreover,
aloesin from Aloe vera enhanced angiogenesis in HUVECs and improved
wound closure in hairless mice by modulating MAPK/Rho and Smad
signaling pathways [22]. With regard to HUVECs, evidence shows that
the action of HUVECs is largely mediated in a paracrine manner through
the release of pro-angiogenic factors, such as VEGF, platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF) and
epidermal growth factor (EGF) [9, 10], which is in line with the action of
EPCs [32]. Nevertheless, further clarification is required whether trans-
planted HUVECs may also exert their effects by directly forming tube-like
structures as vascular formation in wounds.
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Figure 5. Effect of combined treatment with HUVECs and oral Aloe vera on tissue VEGF levels. CON: normal control group; DM: diabetic group; DM + HUVECs: DM
transplanted with human umbilical vein endothelial cells group; DM + AV: DM treated with oral Aloe vera group; and DM + HUVECs + AV: DM treated with combined
HUVECs and oral Aloe vera group. Results are presented as mean + SEM. *P < 0.05: significantly different between the groups.
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Figure 6. Photomicrographs showing histopathology of the full-thickness skin wounds on days 7 and 14 in hematoxylin and eosin-stained sections at 10x. CON:
normal control group; DM: diabetic group; DM + HUVECs: DM transplanted with human umbilical vein endothelial cells group; DM + AV: DM treated with oral Aloe
vera group; and DM + HUVECs + AV: DM treated with combined HUVECs and oral Aloe vera group.

The present study indicated the ability of Aloe vera to increase the
efficacy of HUVEC transplantation in diabetic wounds. Over days 7 and
14 of the treatment, combined treatment of HUVECs and oral Aloe vera
was superior to HUVECs or Aloe vera alone, and even exceeded the
normal controls in improving angiogenesis and wound blood flow.
Furthermore, at day 14 post-wounding, tissue VEGF was increased only
in the combined treatment mice, but not those treated with HUVECS or
Aloe vera.

This synergistic effect between Aloe vera and HUVECs on vascular
protection in diabetic wounds may be partly explained by the systemic
effect of Aloe vera on hypoglycemia. This study demonstrated that oral
administration of Aloe vera normalized blood glucose levels over 14 days
of treatment, which agrees with previous studies [33, 34]. More inter-
estingly, blood glucose was decreased as capillary vascularity was
increased, showing that blood glucose levels were inversely correlated
with %CV (r = -0.489, P = 0.000). There were also positive correlations
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between %CV and tissue VEGF level (r = 0.714, P = 0.000), and between
%CV and wound blood perfusion (r = 0.696, P = 0.000). These findings
imply that oral Aloe vera which combines with HUVEC transplantation
helps lower blood glucose, thus improving wound angiogenesis and
blood flow through an increase in VEGF and a subsequent wound healing

promotion. The findings also support earlier reports that good glycemic
control is associated with improved wound healing in diabetic animal
models and patients with diabetic foot ulcers [35, 36, 37, 38]. Another
possible explanation for Aloe vera increasing HUVEC transplantation ef-
ficacy is the direct beneficial effect of oral Aloe vera on transplanted



S. Kaewsrisung et al.

Heliyon 7 (2021) e08533

DM DM+AV
-y 5 . T - .
| g ) ,l' v/ v v IR '_\\\ \
{, /':": LIgEN :""I 4 "(“‘.‘l‘\s
/ \ ’ (W ] AT \ow 1\ A
s al BT R A < g SR h"" -|?. WDy
L ) \ 2, 1 7ot R AT
4/‘;"“\ AR ‘ 4 “ ”\}:‘.l""”l‘ e
e 4 plIAp R AL gy @
. : e L nls l‘ RN
Day7 e (,‘- MY ;] ,v“\"e.:‘ v‘.““- Faai I} ‘
g \!\ SR 54 7 LA ',»77‘ u'y"x_\"\t )
g St AR RS TN A R A
"‘-‘:‘ 33, * Ql X \il .'"\‘.;Q '.’l‘ "'.“1
s v E i) ¢ 3
(. TR S B DI TR ) &P
R O N
PR s RN &
e Lol '4\.1\" | B \ R AT
Wy N 7 F 8 b | ™, T L . &
~"“". 1'\\‘ "- AR 1 5 ek | AT e, 2
3 X v 7 N RO
Day 14 S{#h o\t o5 N BT Rk I PR
AN RN SO 8 S g e
R ‘T "\\"\ 4 : \ N R - ¢
A} t.l 'ﬁf,.’-\ V& N y R AR o “ea
A\ ShoE W ,’ O wy — -*
AR ANAR RN 7P QU NERAL AN AT
16
14
—_
< 12
c
.2 10
a
o HDM
s 8
3 m DM+AV
a 6
=
=R
2
* % ok
0
Day 7 Day 14

Figure 9. Effect of oral Aloe vera on tissue MMP-2 expression. (A) Immunohistochemical images of tissue MMP-2 expression. (B) Percentage of MMP-2 expression.

HUVECs. From in vitro studies conducted by Moon et al. and Wahedi
et al., p-sitosterol and aloesin extracted from Aloe vera were able to
stimulate the proliferation and migration of HUVECs [21, 22]. Addi-
tionally, Sargowo et al. found that oral administration of Aloe vera in
diabetic rats enhanced the number of circulating EPCs, thereby
increasing the levels of VEGF and the vasodilator producing endothelial
nitric oxide synthase (eNOS) [39]. However, the effect of oral Aloe vera
on HUVEC recruitment and incorporation into new capillaries in wound
and whether oral Aloe vera can increase paracrine function of HUVECs
still remain unclear.

The rates of re-epithelialization and wound closure, which are
impacted in diabetes, were also demonstrated in the present study to
enhance at day 7 post-wounding by Aloe vera, HUVECs and the combi-
nation therapy. However, no superior effect of the combination therapy
was observed.

In the second part of the study, oral administration of Aloe vera
strongly inhibited MMP-2 and MMP-9 expressions in wounds of diabetic

mice. Many studies have shown the role of MMPs in diabetic wound
pathogenesis. For example, patients with metabolic syndrome are re-
ported to have high levels of MMP-2 and MMP-9 compared with normal
individuals [10]. This increase in MMPs induces increased angiostatin
and reduced VEGF production, leading to impaired neovascularization in
diabetic patients [40]. MMP-9 also disturbs the migration of keratino-
cytes [11]. On the contrary, in diabetic mice receiving highly selective
inhibitors of MMP-2 and MMP-9 and in MMP-9 knockout mice, wound
healing was augmentd by decreasing inflammation and increasing
angiogenesis and re-epithelialization [41]. Results showing inhibition of
MMP-2 and MMP-9 expressions in diabetic mice treated with Aloe vera
were in agreement with early studies. According to Vijayalakshmi et al.,
Aloe vera exhibited anti-inflammatory activity by downregulation of
MMP-9 in peripheral blood mononuclear cells [42]. Kudalkar et al. found
that the activity of MMP-2 and MMP-9, which involved in the degrada-
tion of the extracellular matrix in gingival tissues from patients with
chronic periodontitis, was inhibited by Aloe vera [43]. Consequently, this
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Figure 10. Effect of oral Aloe vera on tissue MMP-9 expression. (A) Immunohistochemical images of tissue MMP-9 expression. (B) Percentage of MMP-9 expression.

study suggested that the mechanism that may, at least in part, be
responsible for promotion of the wound healing process by oral Aloe vera
is its inhibitory effect on MMP-2 and MMP-9 expressions.

Although are results found that oral administration of Aloe vera ac-
celerates the healing of full-thickness excisional wounds in diabetic mice,
there were some study limitations. Healed wounds may be covered with
scab, making it hard to determine the actual wound closure rate. Besides,
the experiment was carried out in mouse model, hence the results ob-
tained may not be exactly applied to humans.

5. Conclusion

In summary, oral administration of Aloe vera accelerates the healing
of full-thickness excisional wounds in diabetic mice by increasing re-
epithelialization, promoting VEGF, angiogenesis and subsequent blood
supply. Such positive effects of oral Aloe vera are partly due to its in-
hibition of MMP-2 and MMP-9 expressions. Moreover, oral Aloe vera
enhances the efficacy of transplanted HUVECs for restoration of
microcirculation in diabetic wound healing. Further investigations are
warranted to identify whether oral administration of Aloe vera can
improve the autocrine and paracrine potencies of transplanted HUVECs

10

in diabetic wound healing. It also remains to be elucidated to what
extent transplanted HUVECs directly incorporate into neo-vasculature of
the wound to facilitate healing. Long-term benefits of combined
HUVECs and oral Aloe vera treatment on the matrix organization of
wound repair requires further exploration. Therefore, Aloe vera and
HUVECs may be useful as an alternative treatment for diabetic ulcers in
the future.
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