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enuates male sexual dysfunction
and testicular oxidative damage in streptozotocin-
induced diabetic albino rats†
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Male sexual dysfunctions such as infertility and impotence are recognized as the consequences of diabetes.

Salazinic acid (Sa) is a depsidone found in lichen genera of Lobaria, Parmelia, and Usnea, which has

prominent free radical and a-glucosidase inhibitory actions. The present study establishes the beneficial role

of salazinic acid (Sa) to combat the deleterious effects of streptozotocin-induced diabetes on the male

reproductive system of rats. In a dose-dependent manner, Sa significantly restored the reproductive organs

weight, sperm characteristics, and testicular histoarchitecture in diabetic rats. Further, a significant recovery

of insulin, follicle-stimulating hormone, luteinizing hormone and testosterone levels in serum was recorded

in Sa-treated diabetic rats. The malondialdehyde levels were significantly lowered, and the activities of

glutathione, superoxide dismutase, glutathione peroxidase and catalase, markedly elevated in the blood

serum, as well as testicular tissue after Sa-supplementation. Sa also suppressed the protein expression levels

of tumor necrosis factor-a in serum. The high dose of Sa showed significant improvement in glycemia and

testicular protection, similar to sildenafil citrate. Moreover, the docking results showed that both Sa and

sildenafil have a high affinity toward the target protein, PDE5 with binding affinity values found to be −9.5
and −9.2 kcal mol−1, respectively. Molecularly, both Sa and sildenafil share similar hydrogen bonding

patterns with PDE5. Hence, our study clearly showed the protective role of Sa against diabetic-induced

spermatogenic dysfunction in rats, possibly by competing with cGMP to bind to the catalytic domain of

PDE5 and thereby controlling the oxidative impairment of testes.
Introduction

Diabetes mellitus is a chronic lifelong metabolic disorder char-
acterized by raised plasma glucose levels, which is also known as
hyperglycemia, due to impairment in secretion and/or action of
insulin. According to the World Health Organization (WHO),
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around 422 million people have diabetes worldwide with 1.5
million deaths recorded annually.1 Long-term hyperglycemia
causes diabetes and its complications in multiple organs
including cardiovascular, foot ulcers, nephropathy, neuropathy,
retinopathy, and sexual dysfunctions.2 Among these, sexual
dysfunction is recognized as a common complication of diabetes
that affects nearly 90% of male diabetic patients.3

Male sexual dysfunction is a complex biological process that
includes erectile dysfunction, hormonal pathway, neurogenic and
hemodynamic factors.4,5 Of these, erectile dysfunction is one of
the most common consequences that results from smooth
muscle relaxation and impairment of penile vascular in diabetes
conditions.6 It is well-documented that the risk of erectile
dysfunction is three-fold higher in diabetic men as compared to
non-diabetic men.6–8 It is estimated that 45% of men with dia-
betes develop erectile dysfunction within 10 years of the onset.9

The prevalence of erectile dysfunction among diabetes conditions
is strongly related to the duration of diabetes, micro- and macro-
vascular complications, and degree of obesity.10 Besides, the male
sexual disorders such as abnormal spermatogenesis, decrease in
reproductive organ weight, sperm deformities, rapid or retard
ejaculation, and retrograde ejaculation or anejaculation in
RSC Adv., 2023, 13, 12991–13005 | 12991
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diabetic men remain oen underdiagnosed and undertreated.
Although many clinical studies have been performed on the
sexual dysfunction in diabetic patients, only a few clinical thera-
peutic drugs like phosphodiesterase-5 (PDE5) inhibitors (silde-
nal) are presently available for the diagnosis and treatment of
diabetes-related sexual dysfunction.11 These medications work
by inhibiting the PDE5 enzyme, increasing cyclic guanosine
monophosphate (cGMP) in the penis and relaxing smooth
muscles. There are eleven families of phosphodiesterases in
mammals, of which, only PDE5 has been identied in smooth
muscle cells and platelets.12 Hence, the search for clinically
proved PDE5 inhibitor drugs is a core topic in the diagnosis of
diabetic sexual dysfunction.

In recent times, herbal formulations are attaining popularity
in the management and control of diabetes and its complica-
tions.13 For instance, herbal compounds such as baicalein
(avonoid)14 and epigallocatechin gallate (polyphenol)15 have
shown to be able to protect diabetes-induced male sexual
dysfunction in rodents by attenuating antioxidant and anti-
inammatory enzymes. A lichen depsidone, Salazinic acid (Sa)
has been found to be signicantly expressed in the genus of
Lobaria,16 Parmelia,17 and Usnea,18,19 has been acknowledged for
its various biological activities including antioxidant, antidia-
betic, antimicrobial, antimycobacterial, cytotoxicity, wound
healing, anti-inammatory, and xanthine oxidase inhibitory
actions.17–21 Its remarkable free radical scavenging activity, as
well as potent antidiabetic effects have been linked to the
competitive inhibition towards a-glucosidase enzyme.21 In the
present study, we intended to assess the ameliorative effects of
Sa on the reproductive dysfunction in streptozotocin (STZ)-
induced diabetic albino male rats.
Results and discussion
In vitro antioxidant and antidiabetic activities

The in vitro screening of Sa against free radicals and metal ions
revealed the prominent antioxidant activity compared to ascorbic
acid. The antioxidant activity results of Sa showed a signicant low
IC50 values of 121.47 ± 4.53, 110.79 ± 4.32 and 131.17 ± 7.60 nM
against ABTS+$ (P < 0.001), DPPH$ (P < 0.0001) and superoxide (P <
Fig. 1 In vitro (A) antioxidant and (B) antidiabetic activities of salazinic aci
bP < 0.001, and cP < 0.0001 statistically significant from the ascorbic aci
followed by Tukey's test at P # 0.05.

12992 | RSC Adv., 2023, 13, 12991–13005
0.05) free radicals, respectively, compared to ascorbic acid (168.99
± 12.86, 163.10 ± 5.94 and 178.63 ± 14.33 nM, respectively)
(Fig. 1A). While Sa showed moderate antioxidant activity against
ferric (Fe3+) ions (P < 0.0001) with an IC50 value of 215.51 ±

3.24 nM compared to ascorbic acid (162.36 ± 4.30 nM) (Fig. 1A).
Therefore, the IC50 values obtained from the in vitro screening of
Sa against various free radicals (ABTS+$, DPPH$ and superoxide)
and Fe3+ ions revealed its more specicity towards free radicals,
compared to metal ions. Based on the antioxidant screening it
could be postulated that the Sa acts via radical scavenging activity
(Fig. 1A).

On the other hand, Sa signicantly (P < 0.0001) lowered
antidiabetic activity against enzymes: aldose reductase (AR, IC50

values= 253.30± 3.12 nM), dipeptidyl peptidase IV (DPP-IV, IC50

values = 160.75 ± 13.24 nM), lipase (LIP, IC50 values = 182.08 ±

1.96 nM), a-amylase (a-Amy, IC50 values= 113.63± 6.12 nM), and
a-glucosidase (a-Glu, IC50 values = 109.99 ± 0.84 nM) and
protein glycation (IC50 values = 217.60 ± 7.25 nM) compared to
acarbose (Fig. 1B). Furthermore, the IC50 values obtained from
the enzymes (AR, DPP-IV, LIP, a-Amy and a-Glu) and protein
glycation inhibitory assays of Sa revealed its better inhibition of
digestive enzymes namely a-Amy and a-Glu (Fig. 1B). In another
study, Sa was found to have remarkable free radical scavenging
activity, as well as potent antidiabetic effects that are linked to the
competitive type of suppression towards a-Glu enzyme.21 Both
our antioxidant and antidiabetic activity results were consistent
with this previous study.21
Acute toxicity study

The acute toxicity study on male albino rats has exposed the
non-toxic aptitude of Sa up to 100 mg kg−1 body weight (b.w)
dosage and the median lethal dose (LD50) value of Sa could not
be estimated due to no mortality. Thus, 1/10 and 1/20 of
determined tolerated dose of Sa were selected as high dose
(10 mg kg−1) and low dose (5 mg kg−1) for the current study.
Body weight and relative reproductive organs weight

At the beginning of the study, there was no signicant change in
the bodyweight of albino rats was observed between normal and
d. Values are expressed as mean ± standard deviation (n = 3). aP < 0.05,
d. Statistical analyses were performed by one-way analysis of variance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of salazinic acid on body weight and relative reproductive organ weight in streptozotocin-induced diabetic male ratsa

Groups

Body weight in g (% changed) Relative reproductive organs weight in g (% changed)

0 week 5 weeks 9 weeks Testis Penile Seminal vesicle Prostate gland
Cauda
epididymis

Normal
control

192.33 � 6.65 205.17 � 5.00
(6.73 � 2.63)

212.67 � 6.56
(10.60 � 2.45)

1.05 � 0.03 0.58 � 0.03 0.31 � 0.03 0.18 � 0.01 0.37 � 0.02

Diabetic
control

191.50 � 5.39 151.17 � 5.00c

(−21.06 � 1.44c)
132.50 � 2.88c

(−30.76 � 2.74c)
0.53 � 0.04c

(−49.76 �
3.55)

0.37 � 0.04b

(−34.87 � 9.56)
0.09 � 0.01c

(−71.92 � 3.14)
0.06 � 0.01c

(−67.48 � 6.81)
0.13 � 0.02c

(−64.26 � 4.15)

Sa-5 198.17 � 7.91 162.50 � 7.40c

(−17.99 � 2.06c)
171.83 � 5.91cz

(−13.23 � 3.17cy)
0.63 � 0.03c

(−39.59 �
2.33)

0.39 � 0.03b

(−32.90 � 8.35)
0.13 � 0.01c

(−56.70 � 4.33)
0.11 � 0.01cx

(−36.71 � 6.68y)
0.21 � 0.02c

(−44.79 � 6.91)

Sa-10 193.33 � 5.43 172.67 � 5.50b

(−10.65 � 3.05c)
178.83 � 5.91bz

(−7.46 � 3.24bz)
0.93 � 0.01z

(−11.37 �
3.39)

0.53 � 0.04y

(−7.74 � 5.42z)
0.22 � 0.01bz

(−26.95 � 5.11z)
0.16 � 0.01z

(−13.90 � 2.85z)
0.27 � 0.02az

(−28.08 � 3.65z)

Sildenal
citrate

200.33 � 6.68 170.83 � 6.79b

(−14.69 � 3.27c)
179.50 � 5.05bz

(−10.32 � 3.18cz)
0.95 � 0.03z

(−9.49 � 3.90)
0.53 � 0.03y

(−8.02 � 4.67z)
0.18 � 0.01cy

(−40.11 � 4.95z)
0.13 � 0.01az

(−25.86 � 3.28z)
0.24 � 0.02az

(−36.12 � 4.44y)

a Values are expressed as mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically signicant from the normal control
group. xP < 0.05, yP < 0.001, and zP < 0.0001, statistically signicant from the diabetic control group. Multiple group comparisons were performed by
one-way analysis of variance followed by Tukey's multiple comparison post hoc test at P # 0.05.

Table 2 Effect of salazinic acid on serum levels of fasting plasma glucose and insulin of streptozotocin-induced diabetic male ratsa

Groups

Fasting plasma glucose in mg dL−1 (% reduced) Insulin in mIU L−1 (% increased)

0 week 5 weeks 9 weeks 0 week 5 weeks 9 weeks

Normal
control

94.83 � 5.53 99.67 � 6.77
(−5.08 � 2.86)

103.33 � 5.13
(−10.91 � 3.27)

8.30 � 0.18 8.57 � 0.11
(3.25 � 2.64)

8.67 � 0.16
(4.50 � 3.13)

Diabetic
control

334.17 � 6.59c 390.33 � 7.20c

(−16.83 � 2.59a)
434.67 � 8.45c

(−30.13 � 4.11b)
3.41 � 0.32c 3.24 � 0.23c

(−4.87 � 2.43)
2.97 � 0.19c

(−12.85 � 3.18)
Sa-5 331.67 � 5.43c 243.33 � 6.44cz

(26.61 � 2.72cz)
206.83 � 5.85cz

(37.64 � 1.55cz)
3.39 � 0.13c 5.06 � 0.26cz

(49.27 � 6.08cz)
5.98 � 0.13cz

(76.52 � 7.74cz)
Sa-10 326.00 � 4.73c 190.00 � 7.29cz

(41.73 � 1.64cz)
141.00 � 7.90az

(56.72 � 2.94cz)
3.43 � 0.20c 6.27 � 0.16cz

(88.47 � 6.49cz)
7.41 � 0.20cz

(116.64 � 8.47cz)
Sildenal
citrate

348.67 � 6.80c 219.17 � 5.38cz

(37.12 � 2.15cz)
190.67 � 5.79cz

(45.28 � 2.37cz)
3.43 � 021c 6.00 � 0.29cz

(75.37 � 3.54cz)
6.82 � 0.14cz

(99.58 � 9.18cz)

a Values are expressed as mean ± standard deviation
(n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically signicant from the normal control group. zP < 0.0001, statistically signicant from the
diabetic control group. Multiple group comparisons were performed by one-way analysis of variance followed by Tukey's multiple comparison post
hoc test at P # 0.05.
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all treated groups. At the end of 5th and 9th week, the body
weight of diabetic control group rats was signicantly lowered
(P < 0.0001) than the normal control group (Table 1). However,
Sa (5 and 10 mg kg−1 b.w) and sildenal citrate (a clinically
unapproved anti-diabetic drug) administration had signi-
cantly improved the body weight of animals compared to the
diabetic control group at the end of 5th and 9th week (P < 0.0001)
(Table 1).

In association to normal control rats, a signicant decrease
in the relative weight of reproductive organs, namely testis (P <
0.001), penile (P < 0.0001), seminal vesicles (P < 0.0001), prostate
gland (P < 0.0001), and cauda epididymis (P < 0.0001), were
detected in the diabetic control rats (Table 1). The oral admin-
istration of Sa and sildenal citrate prevented a signicant
reduction in the relative weight of reproductive organs
© 2023 The Author(s). Published by the Royal Society of Chemistry
compared to the diabetic control rats (Table 1). Overall, silde-
nal citrate-treated group showed almost equivalent recovery of
body weight and relative reproductive organ weights as that of
the Sa-treated group at 10 mg kg−1 b.w (Table 1).
Biochemical parameters

From week 0th to 9th, a gradual rise of fasting plasma glucose
(FPG) levels (P < 0.0001) were noticed in the diabetic control
group compared to the normal control group. Contrarily, Sa-
treated groups signicantly (P < 0.0001) reduced FPG levels
compared to the diabetic rats in a dose-dependent way. In
contrast to normal control, the serum level of insulin from week
0th to 9th was sharply decreased (P < 0.0001) in diabetic control
rats. Sa administration steadily improved (P < 0.0001) the serum
insulin levels compared to diabetic control rats in a dose-
RSC Adv., 2023, 13, 12991–13005 | 12993
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Fig. 2 Effect of salazinic acid on oxidative stress parameters such as (A) malondialdehyde, (B) glutathione, (C) catalase, (D) superoxide dismutase,
(E) glutathione peroxidase, and (F) reactive oxygen species (ROS), in the serum of streptozotocin-induced diabetic rats. Values are expressed as
mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically significant from the normal control group. xP < 0.05, yP <
0.001 and zP < 0.0001, statistically significant from the diabetic control group. Multiple group comparisons were performed by one-way analysis
of variance followed by Tukey's multiple comparison post hoc test at P # 0.05.
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dependent way. However, the high dose of Sa treatment showed
more potency in controlling serum FPG and insulin levels than
sildenal citrate (5 mg kg−1 b.w) (Table 2). This nding
conrms the ability of Sa to increase insulin concentration to
lower plasma glucose, proving its antidiabetic activity.

At the end of 0 week, signicant (P < 0.0001) variations of the
serum concentrations of malondialdehyde (MDA), glutathione
(GSH), catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase (GPx) and reactive oxygen species (ROS) were
observed in STZ-induced diabetic rats compared to the normal
control group (Fig. 2). Simultaneously, treatment with Sa for 9
weeks signicantly reduced MDA (P < 0.0001) and ROS (P <
0.001) concentrations with signicant improvement in GSH (P <
0.0001), CAT (P < 0.0001), SOD (P < 0.0001) and GPx (P < 0.001–
0.0001) concentrations in serum compared with those of the
diabetic control rats in a dose-dependent way. At the end of
week 9th, all the serum oxidative stress parameters were almost
similar in normal control, Sa-treated (10 mg kg−1 b.w), and
sildenal citrate-treated groups (Fig. 2).
Fig. 3 Effect of salazinic acid on serum levels of testosterone, FSH, LH an
as mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.00
zP < 0.0001, statistically significant from the diabetic control group. Multip
followed by Tukey's multiple comparison post hoc test at P # 0.05.

12994 | RSC Adv., 2023, 13, 12991–13005
On the end of week 9th, a signicant reduction of serum
hormones such as testosterone (T) (P < 0.0001), follicle-
stimulating hormone (FSH) (P < 0.0001) and luteinizing
hormone (LH) (P < 0.05) levels and signicantly higher levels of
tumor necrosis factor (TNF)-a (P < 0.0001) was observed in
diabetic control group compared to normal control group
(Fig. 3). In a dose-dependent manner, the oral treatment of Sa
for 9 weeks signicantly raised the above specied hormonal
levels and signicantly lowered TNF-a levels compared to the
diabetic control group. The higher concentration of Sa-treated
group was more potent than sildenal citrate-treated group in
elevating the serum hormonal levels (T, FSH and LH). As the
serum T concentration is inversely proportional with the
plasma glucose levels, the elevated T levels could be associated
with androgen releasing activity, as well as antidiabetic effects
of Sa. Moreover, the serum TNF-a levels were almost similar in
both Sa-treated (10 mg kg−1 b.w) and sildenal citrate-treated
groups (Fig. 3), suggest that Sa could inhibit inammation to
alleviate diabetic male reproduction dysfunction.
d TNF-a of streptozotocin-induced diabetic rats. Values are expressed
01 statistically significant from the normal control group. xP < 0.05 and
le group comparisons were performed by one-way analysis of variance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of salazinic acid on lipid parameters of streptozotocin-
induced diabetic rats. Values are expressed as mean ± standard
deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically
significant from the normal control group. zP < 0.0001, statistically
significant from the diabetic control group. Multiple group compari-
sons were performed by one-way analysis of variance followed by
Tukey's multiple comparison post hoc test at P # 0.05.
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Similarly, an abnormal regulation (P < 0.0001) of lipid
parameters including total cholesterol (TC), triglyceride (TG),
and very-low-, low- and high-density lipoprotein (VLDL, LDL
and HDL) content were observed in the diabetic control group
compared to normal control (Fig. 4). In contrast to diabetic
control group, Sa-treated groups showed a signicant (P <
0.0001) reduction of TC, TG, VLDL and LDL contents with
a signicant (P < 0.0001) rise in HDL content in a dose-
dependent way. At the end of week 9th, the content of lipid
parameters was almost similar in normal control, Sa-treated
(10 mg kg−1 b.w), and sildenal citrate-treated groups (Fig. 4).

As compared to the normal control group, signicantly (P <
0.0001) elevated levels of liver enzymes namely alanine trans-
ferase (ALT), aspartate aminotransferase (AST), and alkaline
phosphatase (ALP), were observed in the diabetic control group
(Fig. 5A–C). Both, low and high doses of Sa-treated groups
Fig. 5 Effect of salazinic acid on liver biomarkers, namely (A) alanine
transferase, (B) aspartate aminotransferase, (C) alkaline phosphatase,
(D) creatinine, (E) urea, (F) total bilirubin and (G) total protein, of
streptozotocin-induced diabetic rats. Values are expressed as mean ±

standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001
statistically significant from the normal control group. xP < 0.05 and zP
< 0.0001, statistically significant from the diabetic control group.
Multiple group comparisons were performed by one-way analysis of
variance followed by Tukey's multiple comparison post hoc test at P#

0.05.

© 2023 The Author(s). Published by the Royal Society of Chemistry
showed a signicant (P < 0.0001) reduction of ALT, AST and ALP
activities compared to the diabetic control group, in a dose-
dependent way. In contrast to sildenal citrate-treated group,
a highest reduction in the ALT and ALP activities were noticed
in high dose of Sa (Fig. 5A–C).

Also, the levels of the liver biomarkers, including creatinine
(Cr) (P < 0.0001), urea (U) and total bilirubin (TBIL) (P < 0.0001),
were signicantly increased in the diabetic control group, and
a remarkable reduction was observed in Sa-treated (P < 0.05–
0.0001) and sildenal citrate-treated (P < 0.0001) groups
(Fig. 5D–F). The highest reduction in the U and TBIL levels were
observed in the high dose of Sa-treated group, compared to the
sildenal citrate-treated group (Fig. 5D–F). On the other hand,
a signicant reduction of total protein (TP) levels was noticed in
diabetic control group (P < 0.0001) and a signicant recovery
was observed in Sa-treated (P < 0.05–0.0001) and sildenal
citrate-treated (P < 0.0001) groups. However, a highest decrease
in the TP level was observed in the sildenal citrate-treated
group, compared to the sildenal citrate-treated group (Fig. 5G).

Testicular oxidative stress markers

The diabetic control group rats showed a signicant (P < 0.0001)
reduction of testicular concentrations of SOD, GPx, CAT and
GSH with elevated MDA concentrations in testicular homoge-
nate than the normal control group (Fig. 6). The oral supple-
mentation of Sa signicantly restored the levels of SOD (P <
0.0001), GPx (P < 0.0001), CAT (P < 0.001–0.0001), GSH and MDA
(P < 0.0001) in the testicular tissues compared to the diabetic
control group. However, treatment with Sa at 10 mg kg−1 b.w
showed more potent effects in controlling the antioxidant
prole in the testicular tissues of diabetic rats compared to the
sildenal citrate-treated group (Fig. 6). This nding reects that
the elevated antioxidant enzymes convert free radicals into
neutralized substances via scavenging ability in diabetic male
rats and ultimately reduce oxidative damages. Therefore, as an
effective antioxidant agent, Sa can defend the integrity of sperm
membranes against oxidative stress conditions.

Sexual behavior of Sa-treated diabetic albino rats

The chronic diabetic conditions in the disease control group
had signicantly (P < 0.001–0.0001) altered the sexual function
in male diabetic rats compared to the normal control group
(Table 3). Our ndings indicate that the oral supplementation
of Sa and sildenal citrate had signicantly decreased mount
latency (ML) (P < 0.001–0.0001), ejaculation latency (EL) (P <
0.05), intromission latency (IL) (P < 0.05–0.001), and post-
ejaculatory interval (PEI), and signicant improvement in
mount frequency (MF) (P < 0.001–0.0001) and intromission
frequency (IF) (P < 0.001–0.0001) compared to diabetic control
group. The 10 mg kg−1 b.w of Sa-treated group had shown more
prominent results in improving male sexual activities compared
to the sildenal citrate group (Table 3), which species the
restoration of T levels in rats.

The observations of the mating test revealed that the dia-
betic control group animals had remarkably reduced fertil-
izing capabilities such as number of females mated (4/12),
RSC Adv., 2023, 13, 12991–13005 | 12995
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Fig. 6 Effect of salazinic acid on antioxidant profile; SOD, GPx, CAT, GSH and MDA in the testicular homogenate of streptozotocin-induced
diabetic rats. Values are expressed as mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically significant from the
normal control group. yP < 0.001 and zP < 0.0001, statistically significant from the diabetic control group. Multiple group comparisons were
performed by one-way analysis of variance followed by Tukey's multiple comparison post hoc test at P # 0.05.

Table 3 Effect of salazinic acid on male sexual behaviour in streptozotocin-induced diabetic ratsa

Groups
Mount latency
(sec)

Mount frequency
(sec)

Ejaculatory latency
(sec)

Intromission latency
(sec)

Intromission frequency
(no.)

Post ejaculatory interval
(sec)

Normal control 401.17 � 30.27 881.67 � 28.23 597.33 � 29.38 512.50 � 29.41 12.67 � 0.82 1055.67 � 86.24
Diabetic control 695.33 � 47.54c 399.83 � 19.42c 1227.00 � 140.16c 1063.33 � 98.68c 4.83 � 0.75c 1702.33 � 121.66b

Sa-5 560.17 � 29.53a 607.67 � 30.53cz 999.17 � 94.20a 895.33 � 32.92c 6.33 � 0.52c 1399.67 � 120.17
Sa-10 480.00 � 35.25y 754.83 � 29.99az 828.00 � 58.45x 736.00 � 34.48ay 10.67 � 0.82z 1268.17 � 154.05
Sildenal citrate 539.67 � 27.06x 578.50 � 38.01cy 948.83 � 32.29a 805.33 � 23.84bx 8.20 � 0.55by 1311.67 � 95.19

a Values are expressed as mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically signicant from the normal control
group. xP < 0.05, yP < 0.001, and zP < 0.0001, statistically signicant from the diabetic control group. Multiple group comparisons were performed by
one-way analysis of variance followed by Tukey's multiple comparison post hoc test at P# 0.05. Mount latency: time from the introduction of female
rat into the cage of the male rat up to the rst mount; mount frequency: number of mounts before ejaculation; ejaculation latency: time from the
rst intromission of a series up to the ejaculation; intromission latency: time from the introduction of the female rat up to the rst intromission by
the male rat; intromission frequency: number of intromission before ejaculation; post-ejaculatory interval: time from the rst ejaculation up to the
next intromission by the male rat.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 1

44
4.

 D
ow

nl
oa

de
d 

on
 0

7/
05

/4
7 

05
:0

4:
54

 . 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mating success (33.34%), number of females pregnant (3/12),
number of foetuses (5.0 ± 1.0; P < 0.0001) and corpora lutea
(11.67 ± 0.58) formed, and male fertility (42.68 ± 6.87%; P <
0.0001) compared to the normal control group (Table 4). In
a dose-dependent manner, Sa (low and high doses) treatment
had improved the mating success (58.34 and 83.34%) by the
number of females mated (7/12 and 10/12) and the number of
females pregnant (6/12 and 10/12) compared to the diabetic
control group. Also, the number of foetuses (8.00 ± 0.89 and
12996 | RSC Adv., 2023, 13, 12991–13005
10.50 ± 0.71 (P < 0.0001)) and corpora lutea (12.33 ± 0.82 and
12.30± 0.48) formed per female rat were improved with Sa at 5
and 10 mg kg−1 b.w doses, respectively, compared to the dia-
betic control group (Table 4). The male fertility percentage of
Sa-treated groups (low and high doses) signicantly increased
to 64.99 ± 7.20 and 85.38 ± 5.17% (P < 0.0001), respectively,
compared to the diabetic control group. On the other hand,
sildenal citrate-treated group (5 mg kg−1 b.w) showed almost
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effect of salazinic acid on the mating success and male fertility% of streptozotocin-induced diabetic male ratsa

Groups
No. of females
mated

Mating success
(%) No. of females pregnant No. of fetuses/rat No. of corpora lutea/rat Male fertility (%)

Normal control 12 100.00 12 12.25 � 0.75 12.58 � 1.08 97.57 � 3.59
Diabetic control 4 33.34 3 5.00 � 1.00c 11.67 � 0.58 42.68 � 6.87c

Sa-5 7 58.34 6 8.00 � 0.89b 12.33 � 0.82 64.99 � 7.20b

Sa-10 10 83.34 10 10.50 � 0.71z 12.30 � 0.48 85.38 � 5.17z

Sildenal citrate 10 83.34 10 10.40 � 0.70z 12.40 � 0.52 83.85 � 3.98z

a Values are expressed as mean ± standard deviation (n = 6). bP < 0.001 and cP < 0.0001 statistically signicant from the normal control group. zP <
0.0001, statistically signicant from the diabetic control group. Multiple group comparisons were performed by one-way analysis of variance
followed by Tukey's multiple comparison post hoc test at P # 0.05. Mating success is the ratio of the total number of female animals mated to
the total number of female animals paired. Male fertility (expressed in % fertility) is the ratio of the total number of fetuses to the total number
of corpora lutea.

Table 5 Effect of salazinic acid on sperm parameters in streptozotocin-induced diabetic male ratsa

Groups
Sperm count in million cells per mL
(% reduced)

Sperm motility
(%)

Sperm viability
(%)

Sperm abnormalities
(%)

Detached head from sperm
(%)

Normal control 74.92 � 2.60 86.50 � 2.88 92.50 � 2.88 3.67 � 0.82 5.17 � 1.47
Diabetic
control

36.08 � 2.51c (51.83 � 3.03) 48.33 � 2.07c 45.67 � 2.80c 18.17 � 2.14c 41.00 � 3.22c

Sa-5 53.80 � 3.52cz (28.15 � 4.90y) 61.33 � 1.03c 56.33 � 2.34c 13.17 � 1.47c 26.50 � 4.85cx

Sa-10 63.13 � 1.30az (15.64 � 3.67z) 80.00 � 5.25z 79.83 � 2.40az 6.33 � 0.82z 5.83 � 0.75z

Sildenal
citrate

56.69 � 1.37cz (24.24 � 3.66z) 68.67 � 3.14by 68.17 � 2.56cz 9.83 � 0.75ay 9.67 � 2.73z

a Values are expressed as mean ± standard deviation (n = 6). aP < 0.05, bP < 0.001, and cP < 0.0001 statistically signicant from the normal control
group. xP < 0.05, yP < 0.001, and zP < 0.0001, statistically signicant from the diabetic control group. Multiple group comparisons were performed by
one-way analysis of variance followed by Tukey's multiple comparison post hoc test at P # 0.05.
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equivalent fertilizing capability as that of a high dose of Sa in
STZ-induced diabetic male albino rats (Table 4).

Epididymal sperm characteristics

A signicant (P < 0.0001) drop in sperm count (36.08 ± 2.51
million cells per mL), motility (48.33 ± 2.07%) and viability
(45.67 ± 2.80%) with signicantly (P < 0.0001) more abnor-
malities (18.17 ± 2.14%) and detached head from sperm (41.00
± 3.22%) in sperm morphology were detected in the diabetic
control rats (Video S1†) compared to normal control rats (Table
5). In contrast to the diabetic control group, Sa-treated groups
counteracted the reduction in all the above sperm parameters in
a dose-dependent way. However, animals that received high
dose of Sa showed the best reduction effects in sperm param-
eters than the sildenal citrate-treated group (Table 5; Videos S2
and S3†), which clearly justies its ability to improve the quality
of sperm, gonadotropin levels and spermatogenesis.

Histopathological examination

The slides of testicular tissues in the normal control group
visualized an intact basal membrane (no interstitial space) lined
with Leydig cells and healthy matured seminiferous tubules
containing various stages of spermatogonial cells in the
germinal epithelium zone (Fig. 7A). In the diseased control
group, huge interstitial spaces were noticed between the semi-
niferous tubules with a great irregularity and/or degeneration in
the order of spermatogenic cells, and no Leydig cells (Fig. 7B).
© 2023 The Author(s). Published by the Royal Society of Chemistry
On the other hand, oral treatment of Sa or sildenal citrate
exhibited marked development in the testicular structure and
restoration in the series of spermatogenic cells (Fig. 7C–E).
However, the recovery in Sa-treated groups was proportional to
their dosages. Furthermore, a signicant (P < 0.0001) reduction
of testicular lesion score (TLS), mean Johnson's score (MJS),
mean seminiferous tubule diameter (MSTD) and mean semi-
niferous tubule diameter (MSTD) were detected in the diabetic
control group compared to normal control rats (Table 6). Over 9
weeks of treatment with Sa at 5 (P < 0.05) and 10 (P < 0.0001) mg
kg−1 b.w signicantly improved the early-mentioned factors
compared with the diabetic control group in a dose-dependent
manner. Besides, Sa at 10 mg kg−1 b.w showed almost equiva-
lent improvement in the TLS, MJS, MSTD and HGE as that of
a sildenal citrate-treated group (Table 6).
In silico studies

Validation of molecular docking. For PDE5, a target struc-
ture (PDB ID: 6L6E) with the reported inhibitor (avanal) as
a co-crystallized ligand was retrieved from Research Collabo-
ratory for Structural Bioinformatics (RCSB) PDB database for
docking purposes. To further validate the docking method-
ology, superimposition of the complexes and Root Mean Square
Deviation (RMSD) values between the crystallized and re-docked
poses of avanal on PDE5 were calculated (Fig. 8). The docking
outcome showed that Autodock Vina determined the optimal
orientation of the co-crystallized ligand. An RMSD value of 0.828
RSC Adv., 2023, 13, 12991–13005 | 12997
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Fig. 7 Histopathological examination (H&E x400) of the testicular
tissues in (A) normal control group, (B) diabetic control group, (C) Sa-
treated (5 mg kg−1 b.w) group, (D) Sa-treated (10 mg kg−1 b.w) group,
and (E) sildenafil citrate-treated (5 mg kg−1 b.w) group. (F) The bar
chart represents testicular lesion score, where values are expressed as
mean ± standard deviation. bP < 0.001, and cP < 0.0001 statistically
significant from the normal control group. yP < 0.001 and zP < 0.0001,
statistically significant from the diabetic control group. Multiple group
comparisons were performed by one-way analysis of variance fol-
lowed by Tukey's multiple comparison post hoc test at P # 0.05.
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Å indicated that the methodology was accurate in predicting the
pose and binding affinity for unknown ligands.

Molecular docking studies. Structure-based molecular
docking studies investigated the optimum intermolecular
interactions among target proteins (PDE5, PDB ID: 6L6E), Sa
and sildenal molecules. The efficacy of Sa and standard PDE5
inhibitor (sildenal) against the PDE5 protein was evaluated
using the AutoDock Vina program. The Sa and sildenal were
shown to have a binding affinity of −9.5 and −9.2 kcal mol−1

against the target protein, PDE5 (Table 7). Based on the
molecular docking results, the Sa molecule demonstrated
a slightly higher binding affinity with the catalytic domain of
PDE5 than sildenal. These ndings indicate that Sa may act as
a potential PDE5 inhibitor. As depicted in Fig. 9A, Sa has shown
Table 6 The comparison of the testicular mean Johnson's score, the m
groupa

Groups Mean Johnson's score

Normal control 9.40 � 0.52
Diabetic control 4.30 � 0.48c

Sa-5 6.50 � 0.71a

Sa-10 9.10 � 0.74z

Sildenal citrate 9.30 � 0.48z

a Values are expressed as mean ± standard deviation (n = 6). aP < 0.05 and
0.05, yP < 0.001, and zP < 0.0001, statistically signicant from the diabetic
analysis of variance followed by Tukey's multiple comparison post hoc tes

12998 | RSC Adv., 2023, 13, 12991–13005
multiple interactions with PDE5, namely one H-bond TYR A:612
(5.72), seven hydrophobic interactions with PHE A:820 (5.75),
ALA A:767 (4.54), ILE A:768 (4.39), VAL A: 782 (5.23, 5.26), ASP
A:764 (4.53), HIS A:613 (4.82), and HIS A:617 (5.84) (Table 7).
Although the standard sildenal binds to the PDE-5 with an
energy value of −9.2 kcal mol−1; herein, it shows two H-bond
interactions which maintain the stability of the complex, i.e.,
TYR A:612 (5.82) and GLN A:817 (5.02); seven hydrophobic
interactions with PHE A:786 (6.44), LEU A:804 (5.93), PHE A:820
(4.72, 5.17), HIS A:613 (5.42), LEU A:765 (4.76), TYR A:612 (6.08),
and MET A:816 (4.10, 4.61) (Fig. 9B; Table 7).

Molecular dynamics (MD) simulations. Living systems are
dynamic in nature and constantly moving. Hence, in an
attempt to mimic these cellular conditions, Newton's laws of
motion were employed in MD simulations to predict the
motions of the atoms. Estimation of the potential energy
function helps to calculate the force experienced on an atom
with respect to the positions of other nearby atoms. The change
in the backbone positions of the protein over the trajectory
with respect to the initial frame was estimated using RMSD
analysis. As it is evident from the RMSD plots in Fig. 10A, the
protein complexes with sildenal and Sa both reached the
equilibrium state aer 30 ns and remained stable thereaer,
with RMSD less than 3 Å. The ligand RMSD for Sa remained
stable up to 2 Å until 26 ns, followed by a sharp increase in the
RMSD up to 6.2 Å and then showed slight uctuations with
a running average RMSD of 4 Å. The change in RMSD was
observed as a result of a slight shi of sildenal in the active
site cavity compared to the initial pose. Also, different groups
have shown that sildenal can exist in different binding site
conformations inside PDE5.22–24 A similar trend in the shi of
the test molecule Sa in the active site of the target protein was
observed, where the Sa's RMSD reached the equilibrium state
aer 40 ns and remained stable thereaer.

The root mean square uctuation (RMSF) analysis showed
the most or least uctuating residues with respect to the mean
protein structure on ligand binding. Both C- and N-terminal
residues exhibited higher uctuations. All the residues of the
protein showed RMSF less than 2 Å except for residues 666–678
of the H-loop (RMSF up to 3.192 Å) and residues 792–805 of the
M-loop (RMSF up to 3.254 Å), wherein these residues showed
higher uctuations in the case of Sa than sildenal (Fig. 10B).
ean seminiferous tubule diameter and the height of epithelium in each

Mean seminiferous tubule
diameter (mm)

Height of seminiferous
epithelium (mm)

255.30 � 11.11 75.70 � 4.06
150.00 � 13.96c 38.70 � 4.83c

193.60 � 12.36a 56.20 � 3.36ax

235.00 � 10.45z 68.90 � 4.93z

217.00 � 15.14y 70.60 � 3.10z

cP < 0.0001 statistically signicant from the normal control group. xP <
control group. Multiple group comparisons were performed by one-way
t at P # 0.05.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Validation of docking protocol by superimposition of co-crystallized and re-docked poses of avanafil on PDE5; different non-bonding
interactions between PDE5 and the native inhibitor avanafil, (B) Co-crystal pose, and (C) Re-docked pose.

Table 7 Interactions of PDE5 active site residues with salazinic acid
and sildenafil

Ligands
Binding affinity,
DG (Kcal mol−1)

Amino acids involved and distance (Å)

Hydrogen-bond
interactions

Hydrophobic
interactions

Salazinic
acid

−9.5 TYR A:612 (5.72) PHE A:820 (5.75),
ALA A:767 (4.54),
ILE A:768 (4.39),
VAL A: 782 (5.23, 5.26),
ASP A:764 (4.53),
HIS A:613 (4.82),
HIS A:617 (5.84)

Sildenal −9.2 TYR A:612 (5.82),
GLN A:817 (5.02)

PHE A:786 (6.44),
LEU A:804 (5.93),
PHE A:820 (4.72, 5.17),
HIS A:613 (5.42),
LEU A:765 (4.76),
TYR A:612 (6.08),
MET A:816 (4.10, 4.61)

Fig. 9 2D interactions of PDE5 active site residues with (A) salazinic
acid, and (B) sildenafil.
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These kinds of movements have been observed previously in
recent articles where the H-loop moves inward as a result of
binding of sildenal to the Q-pocket,25 similar pattern was
observed in case of Sa. The effect of ligand binding on protein
shape (contraction/expansion) and structure was observed by
calculating the radius of gyration (Rg) of the protein over the
trajectories. No signicant changes in protein structure were
observed as a result of Sa and sildenal binding (Fig. 10C). We
also assessed the number of hydrogen bonds formed between
the active site residues of PDE5 and sildenal and Sa (Fig. 10D).
Sa stably formed up to ve hydrogen bonds in decreasing order
of occupancy with the residues Gln817, Gln775, Val782, Leu804
and Met816. Sildenal formed up to four hydrogen bonds with
the catalytic site of PDE5, with the highest occupancy of
hydrogen bonds formed with Gln817, followed by Tyr612,
Gln775 and Phe820. Hence, both Sa and sildenal share similar
hydrogen bonding patterns. Sildenal and Sa showed similar
binding affinities and interactions with PDE5. Both were stably
interacted with a hydrophobic clamp (Phe786 and Phe820) and
glutamate switch (Gln775 and Gln817), which play crucial roles
© 2023 The Author(s). Published by the Royal Society of Chemistry
in high-affinity substrate selectivity and binding (Table 7). Both
the molecules also interacted with Gln775 which along with
Gln817 and Trp853, are indirectly involved in cGMP selectivity
by promoting Gln775 in a conformation favourable to bind
cGMP.26 Interestingly, the metal binding site residues Asp654,
Asp764 and the proton donor residue His613 negatively
contributed to the binding energy of Sa and sildenal.

Binding free-energy calculations. End-state molecular
mechanics with generalized Born and surface area solvation
(MMGBSA) binding free-energy calculations were performed to
assess the stability and affinity of Sa with the PDE5 catalytic
site in comparison with sildenal. The binding energy of PDE5
with sildenal was −20.4826 ± 4.2928 kcal mol−1 and with Sa
was −18.1906 ± 5.1248 kcal mol−1. Both shared similar
binding interactions, whereas Sa showed slightly less binding
affinity than sildenal. These values are prone to vary based on
the solute dielectric constants and entropy calculation
methods used. The major residues contributing to the binding
energy of PDE5 with sildenal and Sa were similar, as shown in
Fig. 11.

Hence, based on the molecular docking and MD simulation
results, it is proposed that Sa follows a similar pattern of
binding mode and interactions with the substrate binding site
of PDE5 and can possibly compete with cGMP to bind to the
catalytic domain of PDE5.
RSC Adv., 2023, 13, 12991–13005 | 12999
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Fig. 10 The analysis of the molecular dynamics simulation trajectories (A) RMSD plot, (B) RMSF plot, (C) radius of gyration, and (D) hydrogen
bonds of PDE5 with salazinic acid and sildenafil.

Fig. 11 The (A) enthalpic energy, (B) binding free energy and (C) per-residue energy contribution of active site residues of PDE5 with (I) salazinic
acid and (II) sildenafil.
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Drug likeliness

The physicochemical properties of the Sa were studied using
DruLiTo soware. A new chemical entity, that is intended to be
used as a drug should follow Lipinski's rule. The rule states that
a drug should have molecular weight #500, hydrogen bond
donor (HBD) #5, hydrogen bond acceptor (HBA) #10, and
calculated logarithm of the partition coefficient (C log P) #5.
DruLiTo also provides a convenient method of predicting other
molecular properties that a drug should possess. Based on the
Lipinski's rule, the Sa follows and has no violations. The details
of drug likeliness of Sa were furnished in Table 8.
Absorption, distribution, metabolism, excretion, and toxicity
(ADMET) studies

The ADMET prole of a molecule should be evaluated during
the early stages of drug discovery and design to avoid drug
withdrawal from the market.27 Using these descriptors, it is
13000 | RSC Adv., 2023, 13, 12991–13005
possible to determine whether a compound is absorbed,
distributed, metabolized, excreted, as well as if it is toxic.
Although there are different in vitro methods for establishing
ADMET proles, in silico determination is a faster, cheaper, and
life-saving method of determining ADMET proles.28

In addition to being nontoxic, ideal drug candidates should
exhibit acceptable ADME characteristics. Based on SwissADME,
ProTox-II and admetSAR we examined the ADME proles,
including drug-likeness, partition coefficients, solubility,
human gastrointestinal absorption (HIA), blood–brain barrier
(BBB), and cytochrome P450 inhibition, of the identied
molecules (Table 8).29

One of the most important properties of ADMET is its ability to
absorb drugs from the human gut. HIA plays a pivotal role in drug
transport to the target cells.30 A higher HIA resulted in improved
intestinal absorption of the compound. In this context, Sa showed
HIA values greater than 0.9, indicating good membrane
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Drug Likeliness and ADMET predictions of salazinic acid

Prediction Parameters Salazinic acid

Drug likeliness Molecular weight 388.04
log p 0.338
A log p −1.497
HBA 10
HBD 4
TPSA 159.82
AMR 94.8
No of violations No

SwissADME log P o/w 1.66
Water solubility Moderately soluble
GI absorption Low
Lipinski rule Yes
Veber's rule No
PAINS alert 0
TPSA 159.82
Lead likeliness No

admetSAR HIA 0.9687
CaCO2 0.7129
BBB 0.6091
CYP1A2 0.7605
CYP2C19 0.6566
CYP2D6 0.7062

ProTox-II LD50 (mg kg−1) 0.9549
Hepatotoxicity 962
Carcinogenicity Inactive
Immunotoxicity Inactive
Mutagenicity Active
Cytotoxicity Inactive
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permeation. A Pan-Assay Interference Structural (PAINS) alert was
used to determine the toxicity of compounds with desirable
physicochemical properties. This assay is also referred to as a tox-
icophore test because of the presence of group elements that affect
biological processes by interfering with DNA or proteins, which
can cause fatal conditions such as cancer and hepatotoxicity.31

PAINS analysis provides information on the potential toxicity of
a molecule. However, the Sa had 0 PAINS structural alerts, indi-
cating their non-toxic nature (Table 8). The results from ProTox
server indicated Sa (with LD50 of 962 mg kg−1) have toxicity class 4
(1 is for the most and 6 is for the least toxicity level). It exhibits
Table 9 In vitro PDE5 inhibitory activity of salazinic acida

Compound
Concentration
(mg mL−1) % Inhibition

IC50 value
(nM)

Salazinic acid 2.5 45.79 � 2.95 8.16 � 0.62
5.0 60.43 � 2.22 a

7.5 73.55 � 1.38 a

10.0 85.30 � 0.60 a

Sildenal
citrate

2.5 48.06 � 1.48 5.77 � 0.37
5.0 67.84 � 1.21
7.5 84.08 � 0.86

10.0 97.30 � 1.64

a Values are expressed as mean ± standard deviation (n = 3). aP < 0.05
statistically signicant from the sildenal citrate. Statistical analyses
were performed by one-way analysis of variance followed by Tukey's
test at P # 0.05.

© 2023 The Author(s). Published by the Royal Society of Chemistry
inactive towards hepatotoxicity, carcinogenicity, immunotoxicity
and cytotoxicity as mentioned in the Table 8.

These obtained predictions reveal acceptable properties od
Sa, in terms of intestinal adsorption, distribution, permeability
and toxicity across the blood–brain barrier, and therefore an
interesting candidate for further studies.

In vitro PDE5 inhibitory activity

Table 9 displays the in vitro PDE5 inhibitory activity of Sa in
comparison to sildenal citrate. The IC50 value for Sa was 8.16±
0.62 nM, which was almost nearer than that of sildenal citrate
(5.77 ± 0.37 nM). These results are consistent with the in silico
studies and indicate that Sa is signicantly effective at inhibit-
ing PDE5, compared to sildenal citrate.

Experimental
Materials

Sa was previously isolated from Usnea suboridana Stirton18 and
Usnea laevis Nyl.19 in good yields and reported by our group. STZ
was obtained from Himedia Laboratories Pvt. Ltd. (Mumbai,
India) and amylase HR reagent was obtained from Pro Lab
Marketing Pvt. Ltd. (New Delhi, India). Recombinant human
(rH) AR, rH DPP-IV, LIP from porcine pancreas, a-Amy from
porcine pancreas, a-Glu from Saccharomyces cerevisiae, 2,2-
diphenyl-1-picrylhydrazyl (DPPH$), 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS+$) and intestinal
acetone powders from rats were purchased from Sigma Aldrich
(Mumbai, India). Sildenal citrate and rat feed were procured
from Sun Pharma Ltd. (Mumbai, India) and Hindustan Lever
Ltd. (Mumbai, India), respectively. All other chemicals used in
the present study were at analytical grade.

In vitro antioxidant activity

Sa was respectively exposed to ABTS+$,32 DPPH$,32 superoxide
radical,33 Fe3+ ion reducing power33 assays previously described.
Each experiment was performed in triplicate and results were
reported as IC50 values. Particularly, to each known concentra-
tion (25–100 mg mL−1) of Sa and ascorbic acid (standard drug)
added either 1 mL of ABTS+$ solution, 0.004% DPPH solution,
nicotinamide adenine dinucleotide (73 mM) and nitroblue
tetrazolium (50 mM), or 1% potassium ferricyanide and 0.1%
ferric chloride. The mixture was incubated at appropriate
temperature and time duration and absorbance at the specic
wavelength (ABTS+$: 37 °C, 6 min, 750 nm; DPPH$: 37 °C,
30 min, 517 nm; superoxide: 37 °C, 30 min, 562 nm; Fe3+ ion:
37 °C, 30 min, 700 nm) was assessed against the blank.

In vitro antidiabetic activity

Sa was respectively exposed to each of the seven inhibitory
assays, namely AR,33 DPP-IV,34 LIP,35 protein glycation,36 a-
amylase and a-glucosidase33 as previously described. Each
experiment was performed in triplicate and results were re-
ported as IC50 values. To each known concentration (25–100 mg
mL−1) of Sa and acarbose (standard drug), added specic
volume/amount of the corresponding enzyme and the
RSC Adv., 2023, 13, 12991–13005 | 13001
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substrate. The mixture was then incubated at a certain
temperature and time duration, followed by measuring absor-
bance at particular wavelength against the blank.

AR inhibitory assay. Added 0.1 mL of AR enzyme and 0.1 mL
DL-glyceraldehyde, incubated at 37 °C for 10 min, and observed
absorbance at 340 nm.33

DPP-IV inhibitory assay. Added 15 mL DPP-IV enzyme and 50
mL Gly-Pro-rnitroanilide HCl, incubated at 37 °C for 30 min,
and observed absorbance at 410 nm.34

LIP inhibition assay. Added LIP enzyme (10 g L−1) and
0.8 mmol L−1 p-nitrophenyl-palmitate, incubated at 37 °C for
20 min, and observed absorbance at 410 nm.35

Protein glycation assay. Added bovine serum albumin
(10 mg mL−1) and D-fructose (10 mM) added known concen-
tration (25–100 mg mL−1) of Sa and acarbose, incubated at 37 °C
for 6 days (5% CO2) and observed uorescence at 370 nm
(excitation) and 440 nm (emission).36

a-Amy inhibitory assay. Added 100 mL of a-Amy enzyme and
60 mL substrate (blocked p-nitrophenyl maltoheptaoside),
incubated at 37 °C for 10 min, and observed absorbance at
700 nm.32

a-Gluc inhibitory assay. Added 2.0 mL of a-Gluc enzyme and
50 mL substrate (p-nitrophenyl-a-D-glucopyranoside), incubated
at 37 °C for 20 min, and observed absorbance at 405 nm.32

Animals

Forty male and 120 female albino rats weighing 190–200 g were
employed for the present experiment. Seven days before the
experiment, all animals were fed under standard diet and
adapted to the laboratory environment. The present experi-
mental protocol was designed and executed as per OECD
regulations and approved by the Institutional Animal Ethics
Committee (No. 516/PO/c/01/IAEC) of the University College of
Pharmaceutical Sciences, Andhra University, Visakhapatnam,
India.

Acute toxicity study

The standardized normal male albino rats were orally dosed
with 100 mg kg−1 body weight (b.w) of Sa and carefully observed
for 14 days. During this time, the behavioral parameters and
mortality rate were recorded to determine the LD50.32

Induction of diabetes

Overnight fasted male albino rats were intraperitoneally (ip)
induced with 55 mg kg−1 b.w of STZ and allowed them to have
free access to drink glucose solution (5% v/w). Aer 72 h, the
animals having FPG levels of above 250 mg dL−1 were consid-
ered as diabetic and used for the subsequent experiment.32

Experimental design

The diabetic male albino rats were randomly categorized into
groups (n = 6) and six other normal male albino rats were also
included as the normal control group. The normal control and
diabetic control groups were assigned only 0.5% sodium car-
boxymethyl cellulose. The standard group was administered
13002 | RSC Adv., 2023, 13, 12991–13005
with sildenal citrate (5 mg kg−1 b.w), while sample groups
treated with Sa at 5 and 10 mg kg−1 b.w for 9 successive weeks,
respectively. The FPG levels and body weights of all groups were
measured at the end of the 0th (rst day), 5th and 9th week.
Mating and copulatory behavior tests

On the 8th week of the experiment, each treated diabetic male
albino rat was paired with two normal virgin female albino rats
in a separate cage for 5 days. Every morning, vaginal smear
analysis was conducted on each female rat to identify the
spermatozoa, which is used as a successful mating indicator.
The positive (with the presence of spermatozoa) female rats
were separated for 10 days, and their pregnancy was conrmed
by euthanizing with an overdose of diethyl ether (ip), and the
total number of foetuses and corpora lutea were ascertained.6

On day 63rd, the mating behaviour test was conducted on all
animals aer being treated with the test compound at certain
doses. Initially, female albino rats were ovariectomized and
subcutaneously injected 0.1 mL of 3-benzoyloxy-17b-estrol (48 h
prior copulatory behaviour experiment) and 500 mg proges-
terone (4 h prior test). Each treated male albino rat was
permitted 10min of adaptation time to experimental conditions
(cages in dim red light) and later paired with sexually receptive
rats on a one-to-one basis. Finally, male mating behaviours such
as ML, MF, EL, IL, IF, and PEI, were assessed. The copulatory
behaviour test was terminated only in the cases where the male
or female rats were unsuccessful to commence sexual
behaviour.6,13
Biochemical estimation

By piercing of retro-orbital plexus under diethyl ether, fasting
blood samples were collected from treated male albino rats at
the end of the 0th, 5th and 9th week, and serum was separated by
centrifugation of these blood samples for 15 min at 3500 rpm.
The FPG levels were determined by using commercially avail-
able kits (Accu-Chek Glucometer, Roche Diabetes Care, India),
and serum insulin levels, T, gonadotropins (FSH and LH) and
TNF-a were measured by using ELISA kits (Novatec, India)
according to the manufacturer's guidelines. The levels of MDA
and GSH and antioxidant enzyme activities such as CAT, SOD,
GPx and ROS in serum were assessed using the corresponding
assay kits purchased from Biochrome Scientic (India)
according to the manufacturer's information. In addition, ALT,
AST, ALP, Cr, U, TP, TBIL, serum levels of TC, TG, VLDL, LDL
and HDL, were assessed by using the corresponding commer-
cially available kits (Biochrome Scientic, India) as per the
manufacturer's guidelines. Lastly, male albino rats were sacri-
ced with an overdose of diethyl ether (ip), and reproductive
organs were detached and stored in 10% formalin.
Weights of reproductive organs

The dissected reproductive organs (testis, penile, cauda
epididymis, seminal vesicle and prostate) were weighed (Shi-
madzu ATX224 Analytical Balance, Japan; capacity: 0.1 mg to
220 g) and the relative weight of each organ [(individual organ
© 2023 The Author(s). Published by the Royal Society of Chemistry
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weight/body weight of the particular animal) × 100] was
calculated.

Assessment of epididymal sperm characteristics

From the cauda epididymis, semen was gently sucked by using
a red blood pipette (0.5 mark) and diluted up to 101 mark with
normal saline and used for below sperm characteristics.13

Sperm count. A drop of above diluted uid was taken in to
the Neubauer chamber (30 × 70 mm) and counted microscop-
ically (x40, Optscopes Classic IS 500, Germany) and results were
expressed as million cells per mL.13,37

Sperm motility. A drop of above diluted uid was placed on
a cover glass, and it was sealed over the cavity slide using
Vaseline. The cavity slide was examined microscopically (x40,
Optscopes Classic IS 500, Germany) and results of sperm
motility were expressed in percentage of two individual obser-
vations of each animal.13,37

Sperm viability and morphology. In an Eppendorf tube, an
equal ratio of Eosin-Nigrosin stain and above diluted semen
uid was taken and thoroughly mixed for 5 min. From this,
a drop was transferred on a glass slide and wrapped with
a coverslip and observed for around 200 sperm cells under
a microscope (x40, Optscopes Classic IS 500, Germany) and
results of sperm viability were expressed in percentages. Live
sperm cells were not stained, while the dead cells were stained
red.13

A drop of stained solution from the Eppendorf tube was
taken and spread over a clean slide by using a spreader and air-
dried. The dried smear was observed for morphological
features, namely, sperm head, sperm tail and sperm acrosome,
of around 200 sperm cells under a microscope (x40, Optscopes
Classic IS 500, Germany) and results of sperm abnormalities
and detached head from sperm were expressed in percentage
incidence.13

Assessment of testicular oxidative stress markers

In ice-cold phosphate buffer solution (4 °C), the testis speci-
mens were homogenized (Heidolph homogenizer Diax 900,
Germany), centrifuged at 10 000 rpm for 15 min (4 °C), and the
obtained supernatants were stored at −80 °C. The antioxidant
enzyme activities such as SOD, GPx and CAT, and levels of GSH
and MDA in testicular homogenates were assessed using the
corresponding assay kits purchased from Biochrome Scientic
(India) according to the manufacturer's information.

Histopathological examination

The testes stored in 10% formalin were embedded in paraffin
and subjected to microtome (5 mm). The obtained slices were
stained with hematoxylin-eosin and examined microscopically
(x400, Optscopes Classic IS 500, Germany). The MSTD and the
HGE were calculated from 20 cross-sections of seminiferous
tubules (mostly or nearly circular in shape) from three best
slides from the lower, middle and upper parts of testes. Simi-
larly, the MJS (range: 1–10) was evaluated to identify the sper-
matogenesis (testicular injury) in seminiferous tubules (50 in
number).
© 2023 The Author(s). Published by the Royal Society of Chemistry
In silico study

Protein preparation. The RCSB PDB database was used to
retrieve the three-dimensional coordinates of the catalytic
domain of PDE5 (PDB ID: 6L6E). Renements and energy
minimizations were performed on the protein structure before
the docking analyses. As part of the renement process, missing
atoms were added to the residues, polar hydrogen atoms and
Kollman charges were added, and heteroatoms were removed.
The protein was considered rigid during docking, while the
ligands were exible.38

Ligand preparation. The 3D structures of Sa and sildenal
were downloaded from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/) in .sdf format. To prepare the
ligands for docking, Merck Molecular Force Field 94
(MMFF94) was used to minimize energy and convert it to
.pdbqt format.

Molecular docking validation. The docking protocol with
AutoDock Vina was validated by re-docking the co-crystallized
inhibitor ligand (avanal) with the target protein PDE5. The
RMSD between the co-crystallized pose and re-docked pose of
avanal with PDE5 was calculated to ensure valid RMSD score
and accurate binding with target receptor.39

Molecular docking. In AutoDock Vina, the grid spacing was
used to calculate the binding of the ligand to PDE5. The grid
points on the X-, Y-, and Z-axes were set to 11.258771 ×

11.258771 × 11.258771. Grid centre coordinates were placed at
X: −1.280732, Y: −27.948293, and Z: −26.450512. Sufficient
space was available for ligand rotation and translation between
the grid boxes at the binding site of the enzyme. Exhaustiveness
was set at 100. The binding energies and interactions of the
docked structures were estimated based on the docking results.

Molecular dynamics simulations and binding free-energy
calculations. Static interactions between the target protein
and ligands do not consider solvent molecules and interaction
dynamics. Hence, MD simulations of the target protein PDE5
with Sa and sildenal were performed to consider the solvation
effect, system entropy, and exibility of the protein-ligand
system. The system was prepared by using LiGRO,40 a user-
friendly tool to prepare the protein-ligand system for MD
simulations with GROMACS 5.1.5.41 The protein and ligand
topology and parameters were derived using AMBER99SB and
GAFF2 (with bcc charge model) force-elds, respectively. The
complex was solvated in a cubic box occupied by an explicit
TIP3P water model, with an edge distance of 1 nm. The system
was neutralized by adding 0.15MNaClmolecules. Steric clashes
were removed by subjecting the system to energy minimization
using the steepest descent algorithm under 1500 steps. The
minimized system was subjected to constant temperature,
constant volume (NVT) (310.15 K) and constant temperature,
constant pressure (NPT) (1 bar) equilibrations run for 1 ns each
using a modied Berendson thermostat and a Parinello Rah-
man barostat, respectively. The well-equilibrated systems were
further subjected to 100 ns production runs under NPT condi-
tions while maintaining the periodic boundary conditions and
keeping the time integrator step at 2 fs. Trajectory analysis was
performed using the conventional GROMACS tools and PyMOL.
RSC Adv., 2023, 13, 12991–13005 | 13003
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End-state MMGBSA binding free-energy calculations were
performed using gmx_MMPBSA tool42 on equally spaced 1000
frames extracted from the MD trajectories. The solute dielectric
constant of 1 was used to calculate the enthalpic contributions,
and the entropic contributions were estimated using the inter-
action entropy method.

Prediction of drug likeliness

To predict drug likeliness, DruLiTo was used. Sa was subjected
to DruLiTo that runs the algorithm to predict whether the
molecules possess drug likeliness or not. DruLiTo is a java
enabled application that is available at http://www.niper.gov.in/
pi_dev_tools/DruLiToWeb/DruLiTo_index. html, which aids in
easy prediction about the drug likeliness of molecule.

In vitro PDE5 inhibitory activity

The inhibitory activity of Sa and sildenal citrate on PDE5 was
tested in vitro by utilizing a commercially available puried
human PDE5A active (Cat No. P93-31G, Signalchem, Canada)
expressed by baculovirus in sf9 insect cells and PDE Glo Phos-
phodiesterase Assay kit (Cat No. V1361) from Promega, UK. The
assay was run in triplicate and the IC50 of Sa and sildenal
citrate was determined against the PDE5A.

Conclusions

To the best of our knowledge, this is the rst study representing
Sa as a protective agent on male spermatogenic dysfunction in
STZ-induced diabetic albino rats. In the present study, the in
vitro antioxidant and antidiabetic assays of Sa revealed the
stronger inhibitory properties of free radicals and digestive
enzymes. Further, low and high doses of Sa were administered
to diabetic rats for 9 successive weeks. In contrast to the dia-
betic control group, a signicant restoration in the body weight,
reproductive organs weight, hyperglycemia (FPG), hyperlipid-
emia (TC, TG, VLDL, LDL and HDL), insulin resistance, and
sperm parameters were noticed in Sa-treated groups. Also, oral
supplementation of Sa signicantly restored male reproductive
dysfunction by elevating the serum hormone (FSH, LH and T)
levels, with a signicant decrease in liver biomarkers (ALT, AST
and ALP; Cr, U and TBIL). Sa also improved the activity of
antioxidants (SOD, GPx, CAT and GSH) and reduced MDA
content in both serum and testicular homogenate, and signi-
cantly downregulated the TNF-a expression in blood serum.
Furthermore, Sa signicantly restored the mating parameters,
sperm parameters and histological changes in testicular tissues
of diabetic rats and preserved the structural integrity of the
testis. Also, the in silico studies results were in concordance with
the pharmacological data. Overall, the data support the sper-
matogenic protective efficacy of Sa through the competition
with cGMP to bind to the catalytic domain of PDE5 and thereby
lead to the control in the oxidative impairment of testis by its
free radical scavenging, anti-inammatory and antidiabetic
properties. However, further experiments on Sa are required to
clarify Sa as a clinical drug to treat male sexual dysfunction in
diabetic patients.
13004 | RSC Adv., 2023, 13, 12991–13005
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