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ABSTRACT

Sildenafil a selective Phosphodiesterase-5 (PDES) inhibitor, elevate cyclic nucleotide intracellular second messengers which
contribute in several intracellular signaling pathways involved in physiological and pathological situation. Epidermal growth factor
(EGF) is produced in rodents mainly by the submandibular glands, it is important in B-cell development. The present study designed
to investigate the histological and immunochemical effects of sildenafil citrate on pancreas and submandibular gland of adult male
rat. Forty eight adult male rats were divided into four equal groups. Group 1: as control. Group 2, 3 and 4: rats were treated with
0.5,1,2 mg/kg oral sildenafil respectively (once daily by gastric tube). Animals were sacrificed after 6 weeks of treatment. Pancreas
and submandibular glands were processed for histological and immunohistochemical examination. Blood was collected for serum
examination of C-peptide. Blood glucose recorded before treatment and at last day of experiment by glucometer. After sildenafil
treatment, immunohistochemical detection for epidermal growth factor (EGF) revealed increased number of immunopositive cells
and strong immunoreactivity for epidermal growth factor (EGF) of submandibular compared with the control group. Strong
immunoreactivity for the epidermal growth factor (EGF) expressed on its receptor was detected in the B-cell. Serum C-peptide levels
showed a high significant elevation (p< 0.01) in group C when compared with control and significant elevation when compared with
other treatment group. In addition, blood glucose level was significantly reduced (p<0.05) in group A and high significant reduction
was observed in group B and C when compared with initial glucose level related to each group. These findings exposed that
sildenafil has a potential role in elevating the epidermal growth factor (EGF) production which improve the synthesis of insulin in B-
cells which subsequently lowers the blood glucose concentration.
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INTRODUCTION other physiological processes as spermatogenesis,
completion of normal pregnancy, mammary gland
development and wound healings. Epidermal growth
factor receptor ligands are expressed in the developing

pidermal growth factor (EGF) is an acid- and heat-

stable 53 amino acid protein originally found in

rodents and humans. It is a potent mitogenic
peptide of molecular weight 4800 that was first isolated
from mouse salivary glands by Cohen in 1962, Besides
the salivary gland, detectable levels of EGF were also
found in various tissue extracts and body fluids, including
amniotic fluid, milk, saliva, gastric and duodenal contents,
pancreatic juice, bile, urine and platelet-rich plasma. The
discovery of EGF led to its characterization as an
embryotrophic factor, it enhances mitogenesis,
development, and implantation in different mammalian
species. This growth factor has been shown to have
various effects on numerous cellular systemsz. The
biological and physiological role of EGF during
development and in adult animals have opposing actions
on processes such as proliferation and apoptosis in many
different cell types. These effects have been postulated to
be a feature of receptor expression levels, cell surface
receptor density, and ligand concentration, all of which
can lead to biphasic responses’. Epidermal growth factor
(EGF) has also been reported to play an essential role in
normal epithelial regeneration, which occurs regularly in
vital organs such as the gastrointestinal, genitourinary,
respiratory, and corneal epithelia®. It is important in many

proliferation and morphogenesis of fetal pancreatic
ducts. This process is impaired and islet cell
differentiation is delayed in mice lacking EGF receptorss.
EGF deficiency contributes to the pathology of many
disease states. It was proved that in diabetic mice, the
levels of EGF, its messenger RNA in the submandibular
glands and the circulating level were greatly reduced’.
Additionally, EGF has been shown to influence glucose
metabolism’. Where as, there are studies of adult human
islets have reported their ability to undergo
dedifferentiation, proliferation, and redifferentiation®.
Accordingly, interest has been directed toward factors
identified as critical to pancreatic organogenesis.
Likewise, epidermal growth factor (EGF) ligands
contribute to islet development and therefore may
represent candidates for modulating the differentiated
state of adult human islet cells. As well, fetal pancreatic
explants respond to EGF, while pharmacologic inhibition
of the extracellular signal-regulated kinase (ERK)
pathway, a known mechanism of EGF signaling, elicits an
opposite effect’. Individual EGF ligands have differential
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effects on specified pancreatic endocrine progenitors™.
New approaches have used EGF for stimulating B-cell
regeneration directly or by EGF stimulated mesenchymal
cells'**%. Sildenafil is a potent specific inhibitor of PDE 5,
which  ultimately increases intracellular cGMP
concentration. Sildenafil has not only been shown to be
effective in the treatment of erectile dysfunction, where
the treatment of pulmonary hypertension (PH) by
sildenafil was postulated and FDA approved for this
indication. It is also candidate drug for other clinical
applications such as antithrombotics, antidepressants,
anti-inflammatory agents, and antioxidants™>**. Sildenafil
was also nominated to decrease blood glucose in many
previous studies, whereas this effect of sildenafil seems
to be in relation with its NO mimicking potential,
antioxidant and anti-inflammatory properties, and
reduction of egcogenonsislS. Little attention has been
paid to the effect of sildenafil on EGF to explain reduction
in blood glucose level. Stimulate submandibular secretion
of protein, EGF and flow rate of saliva by sildenafil in
normal rats was suggested by quantitative immunoassay
techniquesw. Therefore, it was reasonable for B-cells to
improve its function after increased EGF secretion due to
sildenafil. This research aimed to study the influence of
sildenafil induce EGF production by the submandibular
glands in normal male rats, and the expression of EGF on
B-cells of islets of Langerhans to evaluate sildenafil
glucose lowering effect. In addition, B cells of islets of
Langerhans will be assessed by serum C-peptide
examination.

MATERIALS AND METHODS
Animals and Study Design

Forty eight adult male Wistar rats (weighing 200—250 gm)
were used in the experiment. The study protocol was
approved by the Institutional Animal Care and Use
Committee of College of Pharmacy/Al Mustansiriyah
University. Animals were divided into 4 groups randomly
each group contains 12 animals as follow in Table 1.

The groups were put in plastic separate cages with free
access to food and water, and were acclimatized for one
week. All the animals were bled on the first day of the
experiment immediately following the acclimatization
period and at the end of 6" week of treatment period, by
sequential snipping of the tip of the tail as described by
Fluttert (2000)17. A glucometer (Accu-Chek Go, Roche)
was used to measure the fasting blood glucose (FBG)
levels'®. Each day of the experiment sildenafil oral stock
solution (0.5mg/ml) is prepared freshly by dissolving
(10mg) white to off-white sildenafil citrate crystalline
powder (from SDI Company) in 20 ml distal water. A
calculated dose of sildenafil for each rat (in treatment
groups) as previously showed in (table 1), was drawn in
an insulin syringe then delivered to the animal via direct
instillation into the stomach by gavage. The same volume
of slain also delivered to animals in control group D. Oral
treatment with sildenafil in a single daily dose for 6"
week was administered to mimic human therapeutic
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intake. At the end of 6" week, blood collected from
animals by cardiac puncture then rats euthanized by
decapitation'”*°. Histological and immunohistochemical
study of the pancreatic islets of Langerhans and
submandibular glands, and serum C-peptide examination
were achieved.

Histological and Immunohistochemical studies

The pancreas and submandibular glands were removed
and immersed in 10% buffered neutral formalin for 18h,
washed in running tap water, dehydrated and then
paraffin embedded. Paraffin sections (4 mm thick) were
mounted on positively charged glass slides with
polylysine, and were stained with EGF
immunohistochemistry (IHC)*“““. Immunohistochemistry
was performed according to manufacturer’s protocol
(biovision and bioss scientific). Specificity of staining was
checked on negative control slides by omitting the
primary antibody. For EGF, membranous and cytoplasmic
brown staining was notable. Qualitative estimation of
immunostaining of EGF positive cells was graded as
follow: a-Undetectable = - ve; b- Weak = +ve; c- Strong =
2+ve; d- Very strong or intense = 3+ve. This classification
according to positive cell number: (-), 0-5% of the positive
cells; (+), 5-50% of positive; (2+), 50-75% of positive; (3+),
75-100% of positiveB. The final IHS value was obtained by
multiplying the number of extent and intensity24. A digital
microscope System with Leica DM4000 B LED and Image J
software were used to assess immunohistochemical stain
uptake by tissues”.

21,22

Detection of serum c-peptide level

C-peptide level was measured by using electro-chemi-

luminescence (ECL) immunoassay detection technology,
. 26,27

using Cobas analyzer from Roche™’.

Statistical analysis

Analysis of data was carried out using the available
statistical package of SPSS-22 (Statistical Packages for
Social Sciences- version 22). Data were presented in
simple measures of mean % standard deviation. The
significance of difference of different means were tested
using independent -t-test for difference between two
independent means or paired-t-test for difference of
paired observations (or two dependent means), or
ANOVA test for difference among more than two
independent means. Statistical significance was
considered whenever the P value was less than 0.05 and
height significant if it was less than 0.01%.

RESULTS

Changes in epidermal growth factor score in the
pancreas

The mean score of EGF in group D (fig.1,D)after six weeks
of oral saline was (0.26+0.28), while the mean score of
EGF in group A (fig.1, A) after six weeks of oral sildenafil
treatment 0.5mg/kg/day was (0.75+0.48), consequently
there was highly significant statistical increment (P<0.01)
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in EGF score when compared to group D. Meanwhile the group D after 2mg/kg/day orally sildenafil treatment.
mean score of EGF in group B (fig.1, B)after orally
sildenafil for six weeks 1mg/ kg/ day was (1.5210.67) with
highly significant increase when compared to group D.
Additionally high statistical significant increment (P<0.01)
in score of EGF in group C (fig.1,C) when compared to

All three groups had significant difference in EGF score
when compared to control group where (P = 0.000) as
showed in Table 2.

Table 1: The rats in the control group D and treatment groups (A, B, C).

Group No. Treatment Duration
A 12 administered 0.5 mg/kg/day sildenafil oral solution by using oral gavage tube Six weeks
B 12 administered 1 mg/kg/day sildenafil oral solution by using oral gavage tube Six weeks
C 12 administered 2 mg/kg/day sildenafil oral solution by using oral gavage tube Six weeks

D . . . .
(control) 12 administered saline by using oral gavage tube Six weeks

Table 2: Changes in epidermal growth factor (EGF) scores. Data are expressed as mean + S.D.

Group Pancreas Submandibular gland
A 0.75 +0.48** ¢ 0.93 + 0,27+ ¢
B 1.52 £ 0.67%%° 1.32 +0.30%% ¢
c 2.12£0.51%%*° 1.74 +0.31%% %"
D 0.26 £0.28 0.51+0.07
P-value (ANOVA) 0.000 0.000

**High significant difference of independent T- test when compared with control at P<0.01;
*Significantly different when compared with group A at P<0.05;
bSignificantly different when compared with group B at P<0.05;

“Significantly different when compared with group C at P<0.05;

Figure 1: Microphotograph of immunohistochemical (IHC) staining of epidermal growth factor (EGF) in pancreas (islet of
Langerhans). X400. Group D: showing few reactivity against EGF. Group A after 0.5mg sildenafil treatment: showing
increase reactivity against EGF. Group B after 1mg sildenafil treatment: showing increase reactivity against EGF. Group C
after 2mg sildenafil treatment: showing increase reactivity against EGF.X400.
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Figure 2: Microphotograph of IHC staining of epidermal growth factor (EGF) in submandibular gland. X400. Group D:
showing few reactivity against EGF. Group A after 0.5mg sildenafil treatment: showing increase reactivity against EGF.
Group B after 1mg sildenafil treatment: showing increase reactivity against EGF. Group C after 2 mg sildenafil treatment:
showing increase reactivity against EGF.

Table 3: Changes in FBG & C-peptide. Data are expressed as mean + S.D.

Initial FBG Final FBG X C-peptide

Group (me/dI) (me/dl) % Changes in FBG (ng/ml)
mg, mg, ng/m

A 87.8+2.4 77.8+1.4* -11.3+0.9%* %< 1.7+0.03°

B 88.2+1.4 70.2 +3.4%* -20.441.2%*? 1.8+0.06°

c 85.2+1.6 62.3+1%* -26.942.5**? 2.6+0.15% %20

D 82.243.2 89.3+2.1" 8.611.3 1.6+0.03

P-value (ANOVA) 0.000 0.000

*Significant difference of paired t-test at P<0.050 when compared final FBG with initial FBG; **High significance difference of paired t-
test at P<0.01 when compared final FBG with initial FBG; “No significant difference of paired t-test when compared final FBG with
initial FBG; *Significant difference of independent T-test when compared with control at P<0.05; **High significant difference of
independent T-test when compared with control at P<0.01.

®Significantly different when compared with group A at P<0.05; l’Signiﬁcantly different when compared with group B at P<0.05;
‘Significantly different when compared with group C at P<0.05;

Changes in epidermal growth factor score in the
submandibular gland

Sildenafil markedly effect EGF expression in the
submandibular gland of group A (fig.2, A) after (0.5
mg/kg/day) orally dose treatment for six weeks was with
highly statistical difference (P<0.01) when compared to
control group D (fig.2, D). While the mean score of EGF in
submandibular gland of group B (fig.2, B) after six weeks
of 1mg/kg/day orally sildenafil treatment was (1.32
0.30) with highly significant increase (P<0.01) score when
compared to control group D. Finally, EGF score in group
C (fig.2, C) after six weeks treatment with orally sildenafil
(2mg/kg/day) was (1.74+0.31) with highly significant

increase (P < 0.01) when compared to control group D. In
ANOVA test, All three group had significant difference in
EGF score when compared to control group where (P =
0.000) as showed in table 2.

Changes in fasting blood glucose (FBG) and c-peptide

The mean of initial FBG of group (A) was (87.8+2.4mg/dl)
and after 0.5 mg/kg /day of oral sildenafil treatment, the
mean of final FBG was (77.8£1.4 mg/dl) with significant
decrease in total percent of FBG (-11.3+0.9 %) where P=
0.014 and when compared with control group there was
a highly significant difference where P = 0.008 as
demonstrated in, this associate with insignificant increase
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in mean of C- peptide (1.7+0.03 ng/ml) in comparing to
mean of C-peptide of control group D where P=0.53.

Meanwhile the mean of initial FBG of group (B) was (88.2
+1.4 mg/dl) and after six weeks of sildenafil treatment in
oral dose of 1mg/kg/day, the mean of final FBG was (70.2
+3.4 mg/dl) with highly significant decrease in total
percent of FBG (-20.4+1.2%) where P= 0.000 and when
compared with control group there was a highly
significant difference where P= 0.000, this associate with
insignificant increase in mean of C-peptide (1.8+0.06
ng/ml) in comparing to mean of C-peptide of control
group D where P=0.08.

Finally the mean of initial FBG of group (C) was (85.2+1.6
mg/dl) and after 2mg/kg/ day oral sildenafil for six weeks
treatment, the mean of final FBG was (62.3+1 mg/dl) with
highly significant decrease in total percent of FBG (-
26.9+2.5%) where P= 0.000 and when compared with
control group there was highly significant difference
where P= 0.000, this associate with highly significant
increase in mean of C- peptide (2.620.15 ng/ml) in
comparing to mean of C-peptide of control group D
where P=0.002.

The mean of initial FBG of control group (D) was (82.213.2
mg/dl) and after oral administration of saline for six
weeks, final FBG was (89.3+2.1 mg/dl) with insignificant
increase in total percent of FBG (8.6+1.3%) where P =
0.268, and the mean of C- peptide was (1.620.03 ng/ml).
These data summarized in Table 3.

DISCUSSION

Sildenafil is a selective inhibitor of PDE5, decrease cGMP
hydrolysis and is also characterized by antioxidant
activityzg. Importantly, chronic inhibition of
phosphodiesterase-5 did not result in any adverse effects
on cardiac morphology or blood pressure measured in
vivo, supporting human studies showing no association
between long-term use of sildenafil and risk of ischemic
events’ ",

These studies given the safety record of this drug, and
demonstrate  that phosphodiesterase-5 inhibition
sildenafil is potentially a viable approach for the
prevention of imbalance in carbohydrate metabolism and
insulin resistance. It is of importance to screen the effects
of sildenafil on blood glucose level which is determined in
the current study.

The level of blood glucose is correlated primarily to
insulin level. So serum blood glucose, C-peptide levels
and pancreatic changed are determined for 6 weeks.

The present study demonstrate the marked influence of
sildenafil on EGF production by the submandibular glands
in male rats and the expression of EGF on its receptors on
beta cells of islets of Langerhans.

The combination of increased EGF expression by
submandibular after sildenafil treatment with strongly
positive immunoexpression of EGF on its receptors in
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beta cells that demonstrated in this study, together with
beta-cell ultrastructure of islets of Langerhans which
observed in previous study’, strongly suggests that
sildenafil has stimulate submandibular secretion of EGF.
Likewise, epidermal growth factor (EGF) ligands
contribute to islet development and therefore may
represent candidates for modulating the differentiated
state of adult human islet cells. These data supported a
previous study, which postulated that sildenafil increased
the secretion of total protein and EGF but not amylase
from the submandibular gland'®. The exact mechanism of
sildenafil’s stimulatory effect is through its antioxidant
activities, which might be attributed to its enhancing
effect on cellular cyclic GMP*. El-Gamal DA, in agreement
with the present data where cGMP have stimulatory
effects on salivary functions. Regarding beneficiary
effects of increased salivary flow rate and secretion of
EGF in recover B-cells due to sildenafil antioxidative
actions’. Interestingly, B-cell enhancement observed in
this study was proved after sildenafil treatment, where C-
peptide level increased after 2mg/kg dose of sildenafil.
Recent approaches have used EGF for stimulating B-cell
regeneration directly or by EGF stimulated mesenchymal
cells®®™, Therefore, it was reasonable for B-cells to
recover and developed after increased EGF secretion.
Other findings suggest that PDEIs may improve secretion
of insulin significantly in response to glucose by the lower
doses of tested PDE inhibitors. The level of ROS at the
lower doses of PDEIs decreased and the viability of islets
were increased®. The secretion of EGF from the granular
ducts of submandibular gland and released into plasma is
predominantly an adreno-receptor mediated ca™-
dependant event by cervical sympathetic nerve
stimulation, suggesting that its release is regulated by the
sympathetic nervous system34. It is conceivable that
sildenafil may have direct central effects on sympathetic
outflow. This potential mechanism is supported, in part,
by evidence that sildenafil crosses the blood-brain barrier
and that PDES5 is present in the brain®>.

The previous findings which support this hypothesis,
sildenafil elicits a marked increase in sympathetic nerve
activity, as measured by intra neural recordings of muscle
sympathetic nerve activity (MSNA) and by plasma
catecholamine levels™.

Later studies may have important implications for
understanding of sildenafil effect on submandibular
sympathetic innervation. Previous findings could explain
effect of increase EGF expression by sildenafil on
pancreatic tissue, where epidermal growth factor (EGF)
and platelet-derived growth factor (PDGF) stimulated
MAPK and Akt (PKB) phosphorylation in a time-
dependent manner in freshly isolated cells from the adult
ductal network of regenerating adult pancrease.

After all revealed explanation discussed previously,
suppose that sildenafil after daily oral dose for six weeks
in all treated groups lowered serum blood glucose and
markedly increase C- peptide level in higher dose 2
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mg/kg. In considering only group C (2mg/kg) data of the
present study that are partly in agreement with previous
study of streptozotocin-induced diabetic rats, where
pancreatic beta cell mass was increased threefold, insulin
content was increased eightfold and hyperglycaemia
would reduce in animals treated with EGF plus gastrin
compared with pretreatment values. as well as, EGF
induce islet regeneration from exocrine pancreatic duct
cells. Combination therapy of EGF with gastrin
significantly increased-cell mass in adult human
pancreatic islets in vitro and in vivo, an increase that
appeared to result from the induction of-cell neogenesis
from pancreatic duct cells”’. Briefly, sildenafil glucose
lowering effect in 2mg/kg related to increase in EGF
expression subsequently improve B-cells function and
markedly increase C-peptide level.

It showed be mention that blood glucose level height
significantly decreased after 0.5 and 1 mg/kg of sildenafil
treatment with insignificant change in serum C-peptide
level. Additionally, this later results agreed with previous
studies of nitric oxide (NO) plays a key role in mediating
the metabolic effects of insulin, including stimulation of
muscle glucose uptake in a mouse model of insulin
resistance and including stimulation of muscle glucose
uptake, considering sildenafil augment NO-cGMP
signaling in muscle metabolism and increase blood flow
that may enhance muscle glucose uptake by increasing
delivery of substrates to skeletal muscles>®*¥%.
Furthermore, sildenafil glucose lowering effect were in
agreement with those reported by Hoseini S who found
that sildenafil administration markedly reduces liver
glycogenolysis40. Also, it is very important to mention that
EGF expression height significantly elevated after 0.5 and
1 mg/kg of sildenafil treatment with insignificant change
in serum C-peptide level and significant decrease in blood
glucose level. This later finding explained and supported
by earlier research on epidermal growth factor and
insulin sensitive tissue, where EGF can evoke metabolic
responses and augment the downstream signaling of
insulin®’.

Finally, only high dose of sildenafil affected C- peptide
level and increased its level, also this findings with
agreement of other study where sildenafil elevated
serum insulin, C-peptide levels, LGC and decreased SBG
level in dose dependent manner™’.

CONCLUSION

Administration of sildenafil markedly lowers blood
glucose concentration which in turn related to increase
EGF production which improve synthesis of insulin from
the B-cells of islets of Langerhans. Sildenafil stimulate
sympathetic innervation of submandibular gland, so
increase EGF production.
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