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Abstract

Background. Diabetes mellitus (DM) is a critical chronic metabolic disease. Several treatment modali-
ties are currently under investigation. Both bee venom (BV) and bone marrow mesenchymal stem cells
(BMSCs) can possibly offer an approach for treating type | diabetes.

Objectives. The aim of the present study was to investigate the mechanism underlying the anti-diabetic
effect of BV as compared to BMSCs on the tongue mucosa of diabetic rats.

Material and methods. A total of 52 male albino rats were used in the current study. The rats were
randomly assigned into 4 groups: group 1 (control); group 2 (streptozocin (STZ)); group 3 (BV-treated);
and group 4 (BMSC-treated). Diabetes mellitus was induced via an intraperitoneal (IP) injection of ST/
in the rats from groups 2, 3 and 4. Following the diagnosis of DM, the rats in group 3 were injected with
a daily dose of 0.5 mg/kg of BV, while the rats in group 4 were treated with a single injection of BMSCs.
Allrats were euthanized after 4 weeks, and their tongues were dissected and divided into halves. The right
halves of the tongues were utilized for the histological examination, followed by morphometric analysis. In
contrast, the left halves were used to detect the local gene expression of transforming growth factor beta 1
(TGF-B1) and vascular endothelial growth factor (VEGF).

Results. Group 2 revealed marked disruption in the morphology of the fungiform and filiform papillae,
and atrophic epithelial changes in both dorsal and ventral surface epithelium as compared to other groups.
Group 4 showed a significantly larger number of taste buds, and a higher gene expression of /GF-37 and
VEGF as compared to groups 2 and 3. Additionally, BV and BMSCs effectively increased the thickness of dor-
sal and ventral surface epithelium as compared to group 2.

Conclusions. Treatment with BMSCs was associated with significant improvement in the morphology and
number of lingual epithelial cells and taste buds in the tongues of diabetic rats as compared to BV-treated
rats, which was due to the local upregulation of 7GF-37 and VEGF gene expression.
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Introduction

Diabetes mellitus (DM) is considered a critical chronic
metabolic disease due to a prompt rise in the number
of diagnosed patients, especially over the last 2 decades.!
Diabetes mellitus is characterized by high blood glucose
levels, which, if not controlled efficiently, leads to end-
organ damage within the genitourinary, cardiovascular
and neurological systems.? These characteristics make
DM a condition that needs proficient and long-standing
medical care in order to control elevated blood glucose
levels and prevent complications.? Several drugs used to
treat DM have adverse effects, which necessitates a search
for other modalities that could overcome these side ef-
fects, without imposing a financial strain on the patient.*

Bee venom (BV) is composed of different types of pro-
teins, enzymes and non-peptide components. The pro-
teins include melittin, apamin, adolapin, and mast cell
degranulating (MCD) peptide. The enzymes found in
BV include «-glucosidase, phosphatase, phospholipase
B, phospholipase A2, and hyaluronidase. Additionally,
non-peptide components, such as histamine, dopamine
and norepinephrine, have been identified in BV.> Due to
its therapeutic effects, BV has been used as a drug in the
treatment of many diseases, such as cardiovascular, neu-
rological, hematological, musculoskeletal, and dermato-
logical diseases.®’

The anti-diabetic effect of BV can be associated with
melittin and phospholipase A2, a polypeptide and an en-
zyme that increase the secretion of insulin from pancreat-
ic B-cells via the depolarization of the B-cell membrane.®
Taking into account the abovementioned properties, BV
could be considered a therapeutic agent in the treatment
of DM.

Bone marrow mesenchymal stem cells (BMSCs) are
multipotent, self-renewing cell populations that exhibit
a marked therapeutic potential because of their ability to
differentiate into the 3 germ layer lineages. Furthermore,
they can migrate toward the damaged sites when admin-
istered systemically. In damaged tissues, they can improve
recovery, as they differentiate into cells specific to the tis-
sue, and produce paracrine mediators and trophic factors
that possess anti-apoptotic properties and stimulate cell
proliferation.®~!!

The BMSC therapy offers a cell-based approach for
treating type I diabetes. These cells can differentiate into
insulin-producing cells, and also show immunosuppres-
sive activity, exerting ameliorative effects on injured tis-
sues.!>13

Diabetes mellitus is often related to prolonged or in-
sufficient healing; this is attributed to the abnormal in-
flammatory response and a reduction in the production
of growth factors, leading to impaired neovascularization
and compressed collagen matrices.'*

Transforming growth factor beta 1 (TGF-p1) is known
to regulate the chemotaxis of immune and inflammatory
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cells, cellular differentiation, and induce the accumula-
tion of extracellular matrix proteins.!> Indeed, defective
TGEF-P1 signaling contributes to delayed wound healing
in diabetes.!® Vascular endothelial growth factor (VEGF)
promotes tissue repair via increasing vascular permeabil-
ity, as well as the proliferation and migration of the pre-
existing endothelial cells.?”

The present study aimed to evaluate and compare
the potential anti-diabetic effects of BV and BMSCs
against the histological and molecular changes in the
tongue in streptozotocin (STZ)-induced diabetic al-
bino rats.

Material and methods

Bee venom

The BV samples were collected from the colonies
of Italian and Carniolan hybrid honeybees (Apis mel-
lifera), using a BV collector (an electric shock device,
VC-Starter kit; IGK electronics Ltd., Varna, Bulgaria) at
the National Research Center, Cairo, Egypt. The dried
BV material was transferred to a proper container and
was solubilized in distilled water to reach a concentra-
tion of about 0.1 mg/mL.1®

Bone marrow mesenchymal stem cells
(BMSCs)

Bone marrow mesenchymal stem cells were isolat-
ed from the femora and tibiae of 6 Wistar donor rats
(6-week-old, male, weighing 100 +20 g). The isolation and
propagation of BMSCs was conducted under aseptic con-
ditions, 14 days before the experimental procedures, as
previously described.?

The femora and tibiae were flushed with Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco-BRL, Gaith-
ersburg, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco-BRL), using an 18-gauge needle.
The cells were cultured in a culture medium supple-
mented with 1% penicillin—streptomycin (Gibco-BRL)
in an incubator, at 37°C in a humidified atmosphere
(5% CO,). Upon reaching 80-90% confluence, the cul-
tures were washed twice with phosphate-buffered sa-
line (PBS) and the cells were trypsinized with 0.25%
trypsin in 1 mM ethylenediaminetetraacetic acid
(EDTA) (Gibco-BRL) at 37°C for 5 min. Then, the cells
were centrifuged at 2,400 rpm for 20 min, re-suspend-
ed with a serum-supplemented medium and incubated
in a Falcon® culture flask with a surface area of 50 cm?,
On day 14, the adherent colonies of cells were trypsin-
ized and counted.’

Culture confluence was monitored using an inverted
light microscope (Olympus, Center Valley, PA, USA) with
a digital camera (Nikon, Tokyo, Japan).
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Characterization of BMSCs

Flow cytometry was performed to identify BMSCs. Af-
ter blocking in 0.5% bovine serum albumin (BSA) and 2%
FBS in PBS, 100,000 cells were incubated in the dark at
4°C for 20 min with the following monoclonal antibod-
ies: FITC CD 90 (PN IM1839U; Beckman Coulter, Brea,
USA); and PE CD 34 (PN IM1871U; Beckman Coulter).
Mouse-isotype PE antibodies (Beckman Coulter) were
used as controls (the dilution of all antibodies at 1:1,500).
The cells were washed and suspended in 500 uL of the
fluorescence-activated cell sorting (FACS) buffer, and
analyzed using the Cytomics FC 500 flow cytometer with
the CPX software, v. 2.2 (Beckman Coulter).

Animals

This study was approved by the Institutional Animal
Care and Use Committee (IACUC) at Cairo University,
Egypt (approval No. CU III F 74 18). This research was
conducted in compliance with the ARRIVE (Animal Re-
search: Reporting of In Vivo Experiments) guidelines and
regulations (https://arriveguidelines.org).

A sample size of 52 (13 per group) was estimated to
be sufficient, assuming an effect size of 0.6, a power
of 0.8, a two-sided hypothesis test, and a significance
level of 0.05 for categorical and numerical data. Fifty-
two healthy adult male albino rats, weighing about 150—
200 g, with normal glucose levels, were used. All animals
were housed in a sterile, controlled environment (room
temperature of 25 +5°C under a natural light, 12-hour
dark/light cycle). They were fed with standard, ordinary,
commercial rat pellets and were provided water ad li-
bitum. The maintenance and care of the experimental
animals conformed with the International Guiding Prin-
ciples for Biomedical Research Involving Animals. The
animals were randomly divided into 4 groups of 13 ani-
mals, using the Random Sequence Generator program
(https://www.random.org).

Induction of experimental diabetes

Streptozotocin (Sigma-Aldrich, St. Louis, USA)? was
used for inducing type I diabetes by a single intraperito-
neal (IP) injection of STZ (60 mg/kg b.w.) into fasted rats.
The rats were considered diabetic when their random
blood glucose reading was >300 mg/dL at 72 h of the STZ

Table 1. Experimental design of the study
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injection.”! Diabetes was allowed to stabilize in the STZ-
injected rats for 1 week. The assessment of blood glucose
levels was performed weekly in all diabetic rats until the
end of the experiment. In all groups, the blood samples
were obtained from the tail vein and the blood glucose
level was expressed in mg/dL.

Animal grouping

The animals were randomly divided into 4 groups,
13 animals in each, occupying separate cages (Table 1).
Group 1 (control) comprised normal healthy rats, which
were given a physiological saline solution (0.9% NacCl).
The veterinarian administered the STZ induction. Then,
the STZ-treated rats were randomly divided into 3 groups
(2—4). The rats from group 2 (the STZ group) received
a single IP injection of STZ (60 mg/kg in freshly prepared
0.1 mol/L citrate buffer (pH 4.5)) and were left untreated.
The diabetic rats from group 3 (the BV-treated diabetic
group) were injected IP with a daily dose of 0.5 mg/kg
of BV for 4 weeks.?? The diabetic rats from group 4 (BMSC-
treated diabetic group) were administered a single intra-
venous (IV) injection of the previously cultured BMSCs at
a dose of 1 million cells/mL in PBS.?

Animal sacrifice and tissue preparation

All rats were euthanized by an intracardiac overdose
of sodium thiopental (80 mg/kg) after 4 weeks. The
tongues were dissected into 3 parts: two halves of the
anterior two-thirds; and the posterior one-third of the
tongue.

The specimens from the right halves of the anterior
two-thirds and the posterior one-third of the tongue were
prepared for the histopathological examination. Serial
sections of 5 um of the tongue tissues were cut and sub-
jected to the following:

—the fluorescence detection of the PKH26-labeled
BMSC:s in the unstained paraffin sections with the use
of a fluorescence microscope; and

— the hematoxylin and eosin (H&E) staining for histologi-
cal evaluation.

The specimens from the left halves of the anterior
two-thirds were used to measure the expression of both
TGF-B1 and VEGE.

The assessment steps were carried out blindly by the
investigators.

‘ Group 1 (control) 13 rats none
‘ Group 2 (STZ) 13 rats
‘ Group 3 (STZ + BV) 13 rats
‘ Group 4 (STZ + BMSCs) 13 rats

IP injection of STZ
IP injection of STZ
IP injection of STZ

saline solution

injected IP with a daily dose of 0.5 mg/kg of BV for 4 weeks

none ‘

a single IV injection of the previously cultured BMSCs at a dose of 1 million cells/mL in PBS

STZ - streptozotocin; BV — bee venom; BMSCs — bone marrow mesenchymal stem cells; IP — intraperitoneal; IV — intravenous; PBS — phosphate-buffered saline.
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Morphometric analysis

The specimens were examined using light microscopy
(Leica, St. Gallen, Switzerland) under x400 magnifica-
tion. The data was obtained using the Leica Qwin 500
image analyzer computer system (Leica Biosystems,
Cambridge, UK). Image analysis was done using the
Image] software, v. 1.53d (https://imagej.net/ij).?* The
image analysis system was used to assess the dorsal and
ventral epithelial thickness, the thickness of each cell
layer,?® and the area of the connective tissue papillae.?®
For each criterion, 5 non-overlapping microscopic fields
were randomly selected and evaluated. As previously
described, the number of taste buds per circumvallate
papilla was assessed.?”

Quantitative real-time polymerase chain
reaction

To analyze the mRNA levels of TGF-f1 and VEGF,
the total RNA-containing genes were determined by
the quantitative real-time polymerase chain reaction
(qRT-PCR). RNA was isolated with the QIAzol lysis re-
agent (Qiagen, Venlo, the Netherlands). Complementa-
ry DNA (cDNA) was produced using a cDNA synthesis
kit (Applied Biosystems, Waltham, USA), and qRT-
PCR was performed using the StepOnePlus™ RT-PCR
system (Applied Biosystems), following the standard-
ized protocols. The expression of genes was normal-
ized relative to the mean critical threshold (CT) values
with the AACT method, using glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) mRNA as an internal
control. The primers for TGF-$1, VEGF and GADPH
are listed in Table 2.

Statistical analysis

The values are presented as mean and standard devi-
ation (M £SD). The Kolmogorov—-Smirnov test indicat-
ed that the data was normally distributed. The one-way
analysis of variance (ANOVA) was used to assess differ-
ences between the groups, and Tukey’s post hoc test was
applied when ANOVA vyielded a significant difference.
The significance level was set at p < 0.05. Statistical anal-
ysis was performed using the Minitab® software, v. 18.1
(https://www.minitab.com/en-us/support/downloads).

Table 2. Primer sequences specific for each gene

Gene Primer sequence from 5' to 3'

TGF-B1 forward: TAC CAT GCC AACTTCTGT CTG GG A
reverse: ATG TTG GAC AACTGCTCC ACCTTG
VEGF forward: CAC CAC CAC ACC ACC ATC
reverse: GCG AAT CCA GTT CCA CGAG
GAPDH forward: ACA GTC CAT GCC ATC ACT GCC
reverse: GCCTGCTTC ACC ACCTTCTTG

Results

Characteristics of BMSCs in the culture

The cultured BMSCs revealed a fibroblast-like morphol-
ogy and they adhered to the tissue culture substrate within
24-48 h. They reached confluence within 7—-14 days (Fig. 1).

Fluorescence detection

The examination of the unstained paraffin sections with
the use of a fluorescence microscope was performed to de-
tect and track the PKH26-labeled BMSCs. The tongue speci-
mens from group 4 injected with the PKH26-labeled BMSCs
showed red fluorescent cells within the tongue tissue (Fig. 2).

Fig. 1. Microscopic observation shows that the isolated bone marrow
mesenchymal stem cells (BMSCs) have a fibroblast-like and spindle-shaped
morphology (x100)

Fig. 2. Photomicrograph of group 4 tongue specimens, showing the
PKH26-labeled bone marrow mesenchymal stem cells (BMSCs), which
appear as red fluorescent cells
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Characterization of BMSCs

The cells were characterized by flow cytometry through
the use of surface markers. The results showed that most
of the BMSCs were positive for CD90 and negative for
CD34 (Fig. 3).

CD34 P:P1 CD90 P:P1
1A |B
|1| 50
50- |
2 ’\, £
3 >
[e] 1 [e]
o [ ‘ o b i'

- P3 (91.08%)
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102 10°  10*  10° 10 102 10°  10*  10°  10°
CD34 PE-A CD73 PE-A

Fig. 3. Flow cytometric analysis showing the expression level of CD90* (A)
and CD34~ (B) in the bone marrow mesenchymal stem cells (BMSCs)
isolated from the rats

Biochemical analysis

At 3 weeks, BMSCs significantly reduced blood glucose
levels as compared to the STZ group. At 4 weeks, both BV
and BMSC treatment were associated with a significant
reduction in blood glucose levels as compared to the STZ
group (Table 3).

Histopathological examination

Upon the examination of group 1 (the control group),
the fungiform papillae displayed a normal mushroom-
like appearance with barrel-shaped taste buds and well-
defined connective tissue (Fig. 4A). Normal thread-like
filiform papillae with orthokeratinized epithelium and
normal underlying connective tissue were detectable
(Fig. 5A). The circumvallate papillae showed normal bar-
rel-shaped taste buds (Fig. 6A). Dorsal and ventral surface
epithelium revealed a normal thickness, was covered with
normal orthokeratin and showed normal underlying con-
nective tissue (Fig. 7A and 8A).

Fig. 4. Photomicrograph of the fungiform papillae

A —group 1 (control) showing normal mushroom-like papillae with
well-defined connective tissue (CT) and barrel-shaped taste buds (circle);
B - group 2 (STZ) showing disruption in the papillae, a detached keratin
layer (asterisk), connective tissue degeneration (red arrow), and taste buds
with intracellular vacuolation (black arrow heads); C — group 3 (STZ + BV)
showing mushroom-like papilla and barrel-shaped taste buds (circle)
besides areas of connective tissue degeneration (black arrows); D — group
4 (STZ 4+ BMSCs) showing mushroom-like papillae with well-defined
connective tissue (CT) and normal barrel-shaped taste buds (circle).
Original magnification x400, scale bar: 13 pm.

Group 2 (the STZ group) showed disruption in the
normal mushroom-like appearance of the fungiform
papillae, and areas of a detached keratin layer and
connective tissue degeneration. The fungiform papil-
la-associated taste buds revealed intracellular vacu-
olation and evidence of degeneration (Fig. 4B). The fi-
liform papillae displayed atrophied, rounded tips, and
a thin layer of keratin with areas of detached keratin.
Some epithelial cells revealed hyperchromatic nuclei.
The underlying connective tissue displayed evidence

Table 3. Descriptive statistics and comparison of blood glucose levels [mg/dL] between the studied groups (ANOVA and Tukey's post hoc test)

Time point
Week 1 118.05 +14.358 334.14 £22.194
Week 2 114.14 £14.908 338.14 £21.09"
Week 3 11347 £14.26% 355.61 £18.94*
Week 4 112.81 £14.37¢ 361.91 +15.85*

325.25£13.93* 316.5 £54.24 0.000*
327.75 £13.974 3229 +49.14 0.000*
331.10 £14.85%8 325.7 +43.28 0.000*
334.54 +£14.848 323.8 £39.08 0.000*

Data presented as mean + standard deviation (M £SD).

Group 1 - control; group 2 — STZ; group 3 - BV-treated diabetic rats; and group 4 - BMSC-treated diabetic rats. * statistically significant; the values with different

superscript letters are significantly different.
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of degeneration (Fig. 5B). The circumvallate papillae
showed multiple degenerated taste buds, while some
taste buds presented the loss of their normal barrel-
shaped outline (Fig. 6B). Dorsal surface epithelium
revealed a reduced thickness and areas of detached
keratin. In a few epithelial cells, hyperchromatic nuclei
were detectable. There were areas of connective tissue
degeneration and dilated blood vessels (Fig. 7B). The
epithelium covering the ventral surface of the tongue
showed epithelial atrophy, while the connective tissue
showed areas of degeneration and dilated blood ves-
sels (Fig. 8B).

Group 3, treated with BV, showed normal fungiform
papillae with a mushroom-like appearance and normal
barrel-shaped taste buds, with areas of connective tis-
sue vacuolation (Fig. 4C). The examination of the fili-
form papillae revealed a thread-like shape, and multiple
atrophied, rounded tips with areas of detached keratin
(Fig. 5C). The circumvallate papillae showed few de-
generated taste buds (Fig. 6C). Dorsal and ventral sur-
face epithelium showed increased epithelial and keratin

Fig. 5. Photomicrograph of the filiform papillae

A —group 1 (control) showing normal thread-like papillae with
orthokeratinized epithelium (black arrow heads), and normal underlying
connective tissue (CT) and blood vessels (red arrow head); B — group 2 (ST2)
showing the papillae with atrophied rounded tips (red arrows), a detached
keratin layer (asterisk), connective tissue degeneration (yellow arrow), and
some hyperchromatic nuclei (black arrows); C - group 3 (STZ + BV) showing
a thread-like shape (black arrow heads), atrophied, rounded tips (red arrows)
and areas of detached keratin (asterisk); D — group 4 (STZ + BMSCs) showing
thread-like papillae (black arrow heads) and areas of detached keratin
(asterisk). Original magnification x400, scale bar: 13 um.

thickness as compared to Group 2, and areas of connec-
tive tissue degeneration (Fig. 7C and 8C).

The examination of group 4, treated with BMSCs,
showed mushroom-like fungiform papillae, with nor-
mal barrel-shaped taste buds and well-defined connec-
tive tissue (Fig. 4D). Thread-like shaped filiform papil-
lae with few areas of detached keratin were detectable
(Fig. 5D). Normal circumvallate papillae with normal
barrel-shaped taste buds were evident (Fig. 6D). Dorsal
and ventral surface epithelium showed an increase in the
epithelium and keratin thickness as compared to groups
2 and 3, and areas of connective tissue degeneration
(Fig. 7D and 8D).

Morphometric analysis

The highest number of taste buds within the circumval-
late papillae was detected in group 1, while the lowest was
recorded in group 2, with a statistically significant differ-
ence between the groups (p < 0.05). Pairwise comparisons
revealed a significantly higher number of taste buds in
group 4 as compared to groups 2 and 3 (p < 0.05). Also,
a significantly higher number was recorded in group 3 as
compared to group 2 (p = 0.002) (Table 4).

Fig. 6. Photomicrograph of the circumvallate papillae surrounded by
a trough with taste buds

A —group 1 (control) showing normal barrel-shaped taste buds (red
arrows); B — group 2 (STZ) showing multiple degenerated taste buds
(yellow arrows) and taste buds with the loss of their normal barrel-shaped
outline (black arrow); C - group 3 (STZ + BV) showing normal barrel-
shaped taste buds (red arrow) and few degenerated taste buds (yellow
arrow); D — group 4 (STZ + BMSCs) showing normal barrel-shaped taste
buds (red arrows). Original magnification x400, scale bar: 13 pm.
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Group 2 was associated with atrophic epithelial changes,
with a significantly reduced thickness of both dorsal and
ventral surface epithelium as compared to other groups
(p < 0.05). Groups 3 and 4 effectively increased the epithe-
lial thickness, which showed significantly higher values in
both dorsal and ventral surface epithelium as compared
to group 2 (p < 0.05). Regarding the dorsal and ventral
epithelial thickness, a higher mean value was reported for
group 4 as compared to group 3. However, the difference
was not statistically significant (Table 4).

A reduction in the dorsal epithelial thickness in group
2 as compared to other groups was associated with a sig-
nificant reduction in the thickness of the basal cell, poly-
hedral cell, granular cell, and keratin layers (p < 0.05)
(Table 4).

Both group 3 and group 4 showed a significant in-
crease in the thickness of polyhedral cell, granular cell
and keratin layers as compared to group 2 (p < 0.05),

Fig. 7. Photomicrograph of the epithelium covering the dorsal surface
of the tongue

A —group 1 (control) showing a normal epithelial thickness (black
double arrow), normal orthokeratinizied epithelium and normal blood
vessels (red arrow heads); B — group 2 (STZ) showing a reduced epithelial
thickness (black double arrow), areas of detached keratin (asterisk),
intra-epithelial vacuolation (black arrow heads), areas of connective
tissue degeneration (black arrow), and dilated blood vessels; C - group
3 (STZ + BV) showing an increased epithelial thickness (black double
arrow), areas of detached keratin (asterisk) and areas of connective
tissue degeneration (black arrow); D — group 4 (STZ + BMSCs) showing
an increase in the epithelium thickness (black double arrow) and areas
of connective tissue degeneration (black arrows). Original magnification
%400, scale bar: 13 um.

whereas the thickness of the basal cell layer showed
a significant increase only in group 4 as compared to
group 2 (p < 0.05). A higher mean value was recorded
for the epithelial layer thickness in group 4 as compared
to group 3; however, the difference was not statistically
significant except for the polyhedral cell layer thickness
(p < 0.05) (Table 4).

Group 2 showed a significant reduction in the area
of the connective tissue papillae (p < 0.05). Group 3 had
significantly increased connective tissue papillae as com-
pared to groups 2 and 4 (p < 0.05). An insignificantly high-
er mean area of the connective tissue papillae was detect-
ed in group 4 as compared to group 2 (p < 0.05) (Table 4).

TGF-1 and VEGF gene expression

Group 2 showed a significant reduction in TGF-S1 and
VEGF expression as compared to other groups (p < 0.05).
Group 4 showed a significant increase in TGF-$1 and
VEGF expression as compared to groups 2 and 3 (p < 0.05)
(Table 5).

Fig. 8. Photomicrograph of the epithelium covering the ventral surface
of the tongue

A - group 1 (control) showing a normal epithelial thickness (black double
arrow); B — group 2 (STZ) showing a reduced epithelial thickness (black
double arrow), areas of detached keratin (asterisks), areas of connective
tissue degeneration (black arrows), and dilated blood vessels (red arrow
head); C - group 3 (STZ + BV) showing an increased epithelial thickness
(black double arrow) and areas of connective tissue degeneration

(black arrow); D — group 4 (STZ + BMSCs) showing an increase in the
epithelium thickness (black double arrow) and areas of connective tissue
degeneration (black arrows). Original magnification x400, scale bar: 13 um.
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Table 4. Morphometric analysis of the studied groups (ANOVA and Tukey's post hoc test)

95% Cl -value
Parameter Group M £SD SE F (F/:N ovA)
group 17 18214 +1.323 0367 17.179 19.249
Number of taste buds group 2° 6.308 £1.601 0444 5272 7.343
per circumvallate papilla group 3¢ 9.154 +2.968 0823 8.118 10.189 %804 0:000°
group 48 12,183 +0.817 0227 11.147 13218
group 14 237.03 +2553 7.08 22253 251.53
Dorsal epithelial group 2 14562 +9.36 260 131.12 160.12 - 000"
thickness [mm] group 38 19544 +7.63 211 180.94 209.94
group 448 21270 £43.70 12.10 198.20 227.20
group 14 141.64 +27.30 7.57 127.66 15561
Ventral epithelia group 2° 54,65 +502 139 4067 68.62 510 000"
thickness [mm] group 3° 100.60 £38.50 10.70 86.60 114.50
group 48 11841 +16.06 445 104.44 132.38
group 14 12.725 +1.693 0470 11.728 13.722
Basal cell layer group 2¢ 8265 +2.114 0.586 7.268 9262 o5 000"
thickness [mm] group 38¢ 9,007 £1.766 0.490 8010 10.004
group 48 10.621 £1.525 0423 9.624 11618
group 17 55.87 £14.25 3.95 46.49 65.24
Polyhedral cell layer group 2 130.28 +12.00 333 120.90 13965 010 000"
thickness [mm] group 3 115.21 £20.51 569 105.83 124.50
group 4 84.96 +19.06 529 75.58 9433
group 14 6249 +18.92 525 5565 6933
Granular cel layer group 2° 2904 +3.94 1.09 2221 3588 - 000"
thickness [mm] group 3% 40.50 £9.67 268 3366 47.34
group 448 51.01 £11.60 322 4417 57.84
group 14 4414 +£10.81 3.00 -19.54 0.55
Kgratin layer group 28 20.82 +£147 529 15.68 25.96 61 0.000%
thickness [mm] group 3* 3764 £12.55 348 -1343 6.66
group 4" 40.76 +6.14 1.70 -7.05 13.05
group 14 2,298.0 +1,648.0 618 17769 27254
Area of the connective group 28 63661762 489 1624 1,1109
tissue papillae [mm’] group 3* 2251242229 4570 1,824.0 27730 1549 0:000°
group 48 698.7 +311.9 86.5 2245 1,173.0

SE - standard error; C/ — confidence interval; * statistically significant; different superscript letters indicate significant differences between the groups.

Table 5. Descriptive statistics and comparison of TGF-B1 and VEGF gene expression between the studied groups (ANOVA and Tukey's post hoc test)

P G M +SD SE = F el
arameter roup +
group 1% 56631 +0.1126 00312 56092 57170
group 2° 10550 +0.0657 00182 10011 1.1089
TGF-B1 98.04 0.000*
group 3¢ 22992 +0.0994 00276 22453 23531
group 4° 28300 +0.1023 00284 27761 28839
group 14 41785 +0.0584 00162 41386 42183
group 2° 10750 +0.0704 00195 10352 11148
VEGF 28.77 0.000*
group 3¢ 16669 +0.0821 00228 16271 17068
group 4 20873 +0.0728 00202 20475 21271

* statistically significant; different superscript letters indicate significant differences between the groups.
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Discussion

Diabetes mellitus is a metabolic disorder resulting in
multiple complications, including soft tissue abnormali-
ties in the oral cavity. In the present study, we investigated
the possible therapeutic effects of BV and BMSCs on the
degenerative changes affecting the tongue due to the in-
duction of DM in rats.

Streptozotocin was chosen for DM induction in rats,
as it provides a permanent and stable diabetic model. It
can induce type I diabetes through the rapid destruction
of B-cells in the pancreas.?® In the current study, STZ-
induced DM in rats was associated with atrophic changes
to the lingual mucosa, with a reduction in the thickness
of both dorsal and ventral surface epithelium, the atro-
phy of the lingual papillae, and a reduction in the number
of taste buds per circumvallate papilla. The atrophy of the
underlying connective tissue with a significant reduction
in the connective tissue papillae was also noticed.

The effect of uncontrolled DM on rats’ tongue epi-
thelium and papillae has been previously reported.
Streptozotocin-induced DM in rats has been associated
with alterations in the distribution and morphology of the
fungiform and filiform papillae, with areas of epithelial
desquamation,?-3! in addition to a significant reduction
in the height and width of the filiform papillae.?? Diabe-
tes mellitus has also been associated with the atrophy and
a decreased thickness of dorsal surface epithelium,32-3
and the atrophy of ventral surface epithelium.3* Lingual
epithelial atrophy was observed in rats born to diabetic
mothers.?> Epithelial atrophy was also noticeable in the
buccal mucosa of diabetic rats.3

In the present study, the circumvallate papillae were
impacted by DM. A significant reduction in the number
of taste buds per circumvallate papilla has been reported
in previous studies.?”?” These changes were attributed
to a DM-associated reduction in the innervation of taste
buds.?” Additionally, rats with induced DM were prone to
increased apoptosis of circumvallate papilla taste buds,
which was associated with the downregulation of Bcl-2,
the upregulation of Bax, and increased activation of cas-
pase-9 and caspase-3.3

Diabetes mellitus has also been linked to the atrophy
of the lamina propria underlying the lingual mucosa.
A decrease in the height and cross-sectional area of the
connective tissue papillae of the dorsal surface of the
tongue in rats with induced DM has been previously re-
ported.?®3! In addition to the atrophied gingival lamina
propria,?>3® DM was also linked to an increased incidence
of Candida albicans and the thickening of bacterial colo-
nies on the dorsal surface of the tongue.?”

On the other hand, some reports demonstrated that
DM was associated with epithelial hypertrophy.2>3® The
thickness of the gingival epithelium, and of the prickle cell,
granular cell and keratin layers was significantly higher in
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rats with induced DM as compared to the control group.?
A statistically significant increase in the thickness of the
gingival epithelium, and of the basal, prickle cell, granular,
and keratin layers was also observed.3® This indicates that
regional variations in the oral tissues can affect the muco-
sal response to chemically induced DM in rats.

The atrophic effect of DM on the lingual mucosa can
be traced back to the diabetes effect on epithelial cells, as
DM has been associated with reduced keratinocyte pro-
liferation® and increased cellular apoptosis.®® Reduced
cell proliferation, in addition to increased cellular apop-
tosis, can result in epithelial atrophy. The effect of DM on
cellular functions has been attributed to high blood glu-
cose levels, the accumulation of advanced glycation end-
products (AGEs), increased tissue hypoxia, and increased
levels of reactive oxygen species (ROS) in DM.%-43 Dia-
betes mellitus can also cause systemic inflammation and
a chronic inflammatory infiltrate in the oral connective
tissues, which can negatively affect the integrity and func-
tion of the oral mucosa.*** Additionally, diabetic mi-
croangiopathy may lead to subsequent connective tissue
degeneration and mucosal atrophy.?>?%48 It has been ob-
served that DM is also linked to an increased expression
of p53 in rats®® and an increased expression of p16.32

The positive effect of BV on the lingual mucosa ob-
served in the current study reflects its potent biological
properties. Bee venom shows anti-inflammatory,* anti-
bacterial®® and antioxidant effects.”! In addition, BV has
demonstrated anti-cancerous effects®*>® and anti-obesity
effects.® It also has an anti-diabetic effect, as it can lower
a blood glucose level, increase the secretion of insulin®®
and enhance diabetic wound healing.>**-¢ The anti-in-
flammatory activity of BV could be attributed to melittin,
its main constituent, as melittin inhibits the enzymatic
activity of phospholipase A2.5! The phospholipase A2
enzyme is released in severe inflammatory disorders and
causes tissue damage.

Bone marrow mesenchymal stem cells effectively im-
proved the morphology of the lingual papillae, increased
the number of taste buds per circumvallate papilla and
effectively reversed DM-associated epithelial atrophy.
Similar to our findings, BMSCs effectively reversed atro-
phic changes in the fungiform and filiform papillae,3°3+>7
lingual mucosa,?* and increased the ventral epithelial
thickness in rats with STZ-induced DM.3* Bone marrow
mesenchymal stem cells were also reported to improve
the morphology of both the circumvallate and foliate
papillae, and restore their taste buds in rats with STZ-
induced DM.® The regenerative effect of BMSC on the
lingual mucosa can be attributed to the ability of the cells
to release different signaling molecules, including growth
factors, cytokines and chemokines, in addition to their
anti-inflammatory effect.>

The ability of BMSCs to restore the lingual mucosa in
diabetic rats can be partly attributed to their angiogenic
effect. Bone marrow mesenchymal stem cells can induce
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angiogenesis in diabetic wounds through the release
of pro-angiogenic factors, including hypoxia-inducible
factor (HIF), VEGF, angiopoietin, and erythropoietin,5°¢!
in addition to their ability to differentiate into endothe-
lial cells.®! They can also secrete multiple growth factors,
including epidermal growth factor (EGF), insulin-like
growth factor 1 (IGF-1) and platelet-derived growth fac-
tor (PDGF), important for the chemotaxis and function
of cells responsible for diabetic wound healing.6%® The
cells also have immunomodulatory properties. They can
interact with cells of the innate and adaptive immune sys-
tems to downregulate pro-inflammatory cytokines, in-
cluding interleukin 1 beta (IL-1f), tumor necrosis factor
alpha (TNF-a) and IL-6, and to upregulate anti-inflam-
matory cytokines — IL-10 and prostaglandin E2 (PGE2).%*
Bone marrow mesenchymal stem cells can also increase
the migration, proliferation and function of keratinocytes
in diabetic wounds, and induce re-epithelialization.®>%
Taken together, the ability of BMSCs to stimulate angio-
genesis and keratinization, and their immunomodulatory
properties can explain their potential to reverse the dia-
betes-associated atrophic changes observed in the lingual
mucosa of rats in the current study.

In this study, the levels of TGF-B1 and VEGF were in-
vestigated to define their role in enhancing the regenera-
tion of the tongue following BV and BMSC treatment in
diabetic rats. Treatment with BV and BMSCs resulted in
the upregulation of both TGF-1 and VEGF in compari-
son with the levels observed in the diabetic rats in group 2.

The molecular mechanisms underlying the regenera-
tion of damaged tongue tissues following BV treatment in
group 3 may be related to the ability of BV to upregulate
TGEF-PB1, which stimulates the migration of keratinocytes
and increases integrin expression.®® Transforming growth
factor beta 1 can induce collagen expression.®” Also, BV
enhances the expression of VEGEF, which in turn stimu-
lates local angiogenesis through mobilizing and recruiting
bone marrow-derived endothelial progenitor cells, there-
by decreasing impaired healing in diabetic rats.>

According to Kwon et al., the regenerative potential
of BMSCs in tongue tissues in diabetic rats appeared to
provide better results when compared to the untreated
animals, which was explained by the local upregulation
of cytokines and growth factors.®> Bone marrow mes-
enchymal stem cells increase the expression of TGF-1
moderately and of VEGF markedly, which in turn en-
hances the inflammatory response, and induces the re-
cruitment and proliferation of cells, required for repair-
ing damaged tissues. Additionally, the immunoblotting
analysis revealed an increased expression of neovascu-
larization-related genes, such as TGF-1 and VEGF, in
a BMSC-treated mouse burn injury model.%® In the pres-
ent study, group 2 (diabetic rats) displayed the lowest
VEGEF levels, which might be due to the inability of dia-
betic rats to properly upregulate VEGF expression in re-
sponse to hypoxia.?’

I.A. Radwan et al. Bee venom and BMSCs anti-diabetic potential

Conclusions

Diabetes mellitus exerted detrimental effects on rat
tongues. Therapy with BV and BMSCs ameliorated the
damaging effects of DM by upregulating the expression
of TGF-f1 and VEGF. However, BMSC therapy promoted
better results in regenerating the diseased tissues.
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