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Te exponential growth of obesity rates is a pressing issue, as it is now frmly established as a primary driver behind the development
of metabolic disorders. Natural products are crucial in drug discovery, prompting an increasing need for further research on bioactive
compounds to understandmolecular and pharmacological mechanisms and expand available clinical treatments for various diseases.
We set out to investigate the therapeutic potential of Retama raetam (RR) extract, a natural compound, in alleviating testicular
degeneration and improving sperm quality and quantity in high-fat diet (HFD)-induced type 2 diabetes mellitus (T2DM) and
streptozotocin (STZ)-induced type 2 diabetes mellitus. An eight-week high-fat diet (HFD) was administered to type 2 diabetic rats,
and then a modest dose of 35mg/kg of STZ was injected intraperitoneally. Te experiment planned to assess the infuence of RR
extract on the steroidogenesis pathway. For twelve weeks, the rats were given medications orally. Te testicular degeneration caused
byHFD/STZ is shown by decreasing the accessory sexual glands while reducing the quality of sperm characters and testosterone levels
with signifcantly increased pad fat and leptin levels. Furthermore, administration of RR extract efectively counteracted HFD/STZ-
induced oxidation through enhancing the antioxidant status of the testicular tissue through signifcantly increased SOD and GSH
accompanied by decreasing MDA. HFD/STZ rats showed decreased expression of CYP17, STAR, 3βHSD, and BCL2 genes, along
with increased BAX gene expression. However, treatment with RR in HFD/STZ rats led to decreased BAX expression and increased
expression of CYP17, STAR, 3βHSD, and BCL2 genes, indicating a restoration of gene expression values similar to the control group.
Te binding site of Bax showed a strong afnity for several bioactive compounds found in R. raetam. Te fndings from this study
suggest that Retama raetam (RR) has the potential as a therapeutic adjunct for managing complications related to type 2 diabetes
mellitus (T2DM).Tese fndings aford credence to the idea that RR can be useful in treating infertility associated with type 2 diabetes.
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1. Introduction

Diabetes, especially type 2 diabetes mellitus (T2DM), and
obesity are two interlinked metabolic disorders that have
become signifcant global health concerns. Over the past few
decades, both have become more common, posing sub-
stantial global challenges for public health systems. Tis
introduction will provide an overview of obesity, focusing on
their association and the role of Wistar fatty rats as an
experimental model [1]. A body mass index of over 30 is
considered obese. Genetics, lifestyle decisions, and envi-
ronmental factors, including the availability of high-calorie
foods and sedentary behavior, all impact the condition [2].

Type 2 diabetes, on the other hand, is characterized by
impaired insulin production and insulin resistance, leading
to elevated blood glucose levels. Insulin facilitates the control
of blood sugar levels. For those with type 2 diabetes, in-
sufcient glucose absorption and elevated blood sugar levels
result from cells’ resistance to the actions of insulin. Obesity,
a sedentary lifestyle, poor eating habits, and genetic suscep-
tibility are threat infuences for type 2 diabetes. When insulin
is not produced correctly, it can lead to type 2 diabetes, which
is increased by obesity. Te abundance of fatty tissue in the
body, especially visceral fat (fat around internal organs),
produces hormones and infammatory chemicals that in-
terfere with insulin signaling and afect glucose metabolism.
Type 2 diabetes is facilitated by persistent low-grade in-
fammation linked to fat, which worsens insulin resistance [3].

Between 90% and 95% of diabetes cases are type 2 di-
abetes, with low-income nations having the highest in-
cidence of the disease [4]. Type 2 diabetes is exemplifed by
persistently high blood sugar concentrations that result in
chronic hyperglycemia, which in turn causes oxidative in-
jury and the activation of infammatory cytokines. As a re-
sult of consistently high blood glucose levels, persons with
type 2 diabetes develop advanced glycation end products
(AGEs). Tis, in turn, triggers the release of ROS and ac-
tivates infammatory pathways. Tese processes are serious
in the progression and exacerbation of diabetes type 2
mellitus [5]. Regrettably, various oral hypoglycemic medi-
cations have demonstrated efcacy in treating diabetes by
targeting diferent biochemical pathways, but they often
come with undesirable side efects. As a result, the utilization
of medicinal plants has emerged as a prominent approach in
diabetes treatment, primarily due to their afordability, easy
accessibility, and minimal adverse efects.

Retama raetam (R. raetam) is a native Fabaceae family
plant commonly found in the Northern and Eastern
Mediterranean [6]. Recent studies have shown that
R. raetam afects blood sugar levels in healthy and diabetic
rats [7]. It has been documented that the aqueous extracts of
RR demonstrate properties such as hypoglycemic, anti-
oxidative, and lipid-lowering activities [8–10].

Te study aimed to investigate a high-fat diet’s efects on
obesity and a single dose of streptozotocin (STZ) on oxi-
dative stress markers, specifcally malondialdehyde (MDA);
the study also aimed to assess insulin resistance using the
homeostatic model assessment of insulin resistance
(HOMA-IR). Furthermore, it sought to explore the efects of

reproductive rehabilitation (RR) on testicular degeneration
in rats induced by obesity and T2DM, including the un-
derlying cellular mechanisms involved.

2. Materials and Methods

2.1. Gathering and Extracting R. raetam Shrubs.
R. raetam subsp. gussonei fruits were utilized (no. 15567) in
the experiment, which was conducted at Al Hafrah, Saudi
Arabia (latitude, 25° 47′ 30.54″N; longitude, 45° 22′
53.71″E). Regarding plant identifcation, following a shaded
room temperature drying period, the RR fruits were elec-
trically blended into a fne powder. Extraction was per-
formed per the specifed protocol [11]. Following the
manufacturer’s guidelines, the powdered plant material was
extracted with methanol at room temperature using an IKA
ULTRA-TURRAX T 25 digital device.Te solution was then
distilled at 40°C under reduced pressure, producing
a brownish semisolid residue. Te solvent extraction of RR
involved dissolving 10 g of fnely powdered RR in 100mL of
double-distilled water, following the specifed method [11].

2.2. RP-HPLC and 1H-NMR Investigation. Te 1H-NMR
spectra were collected using a Bruker Advance III spec-
trometer running at 400MHz, and spectral analysis was
carried out using the ADC software. 200mg of dried RR was
extracted with 2mL of deuterated methanol and sonicated to
prepare the samples for 10minutes. Te solution was
centrifuged at 25°C for 5minutes at a speed of 13,000 rpm
before being subjected to NMR analysis.

Te chromatographic analysis involved dissolving ex-
tract samples from Scharlau, Italy, in methanol at a 50mg/
mL concentration. Te analysis utilized an Agilent Infnity
series 1200 chromatograph with a diode array and an
Agilent/Varian 500MS mass spectrometer. A gradient elu-
tion method was employed using a column of Eclipse XDB-
C18, C18 3.5 μm, 3×150, with the chromatograms analyzed
at various wavelengths. Te same extract underwent chro-
matography using the same system but with an Agilent
Poroshell HILIC-Z column. Further details are available in
Figure 1S and Table 2S.

2.3.Animals. FiftymaleWistar rats, ten weeks old (weighing
roughly 180± 5 g), were obtained from the National Re-
search Center in Cairo, Egypt. Rats were held in well-
ventilated plastic cages with limitless food and water ac-
cess. Tey were subjected to a 12-hour light/dark cycle. All
experimental procedures, animal handling, and manage-
ment ethics followed the National Institutes of Health (NIH)
standards. Te animal procedures in this study adhered to
the guidelines and regulations established by the Animal
Ethics Committee (KFS-IACUC/133/2021) of the Faculty of
Veterinary Medicine at Kafrelsheikh University. Rats were
acclimated for two weeks before the experiments and were
randomly subdivided into fve groups, each comprising ten
rats. Te rats were provided with a consistent diet pellet that
contained fat (3%), protein (26%), carbohydrates (54%),
vitamins (17%), and minerals per 100 grams.
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2.4. Type 2 Diabetes Mellitus Induction. Type 2 diabetes
mellitus (T2DM) was provoked in rats with high-fat feed
(HFD) containing 25% protein, 17% CHO, and 58% fat at
a rate of adding up to kcal for two months. Following two
months on the HFD, the obese rats underwent an overnight
fast before receiving an intraperitoneal injection of STZ at
35mg/kg body weight [12]. Te STZ was dissolved in 0.1M
citrate bufer at pH 4.5 ( Sigma Aldrich, USA). Diabetes
confrmation was performed 72 hours after the STZ in-
jection, with rats displaying blood glucose levels exceeding
300mg/dL being selected for further experimentation.

2.5. Experimental Plan. Te rats were randomly allocated
into 5 groups using a random assignment approach. Te
groups included the control rats, which received saline
treatment; the HFD/STZ-induced group; the HFD/STZ-
RR1-treated group, where RR extract was supplemented at
a dosage of 10mg/kg [10]; the HFD/STZ-RR2-treated test
group, administered RR extract at 20mg/kg [13]; and HFD/
STZ-RR3-treated test group, administered RR extract at
30mg/kg [14]. Doses of the extract were administered to the
rats in each group as indicated and orally for 12weeks.Te rats
were given daily doses of extract at the same time. A normal
saline solution was generated by dissolving the necessary
extract concentration according to the rats’ body weight.

Te solutions were administered to the rats via oral
gavage. Following the trial period, the rats were subjected to
an overnight fast, weighed, and then anesthetized using
sodium pentobarbital (100mg/kg, i.p.). Testicular tissues
were carefully dissected, washed with cold saline, frozen in
liquid nitrogen, and stored at −80°C for further examination.
Before anesthesia, blood samples were collected, and the
serum was kept at −20°C. Te testes, seminal vesicles,
prostates, and epididymis were isolated and weighed in-
dividually, and the ratio of organ weight to body weight was
evaluated. Te testicles and epididymal fat pads were
eliminated, rinsed in cold saline solution, and weighed.

2.6. Insulin and HOMA-IR Evaluation. Glucose levels were
quantitatively and colorimetrically determined using di-
agnostic kits from Spectrum Kits, Germany (catalog no.
250001). Serum insulin was assessed using an ELISA tech-
nique (MyBioSource, Co., San Diego, CA, USA, catalog no.
MBS281388). Te following formula was employed to cal-
culate HOMA-IR: fasting plasma insulin (IU mg/l in the
fasting state) split by 405, multiplied by plasma glucose (mg/
dl). Additionally, a β-cell function was determined using the
subsequent formula: (HOMA-β) %� (360× fasting insulin
(μIU/ml))/(fasting glucose (mg/dl)− 63) [15].

2.7. Semen Evaluation. Te procedure involved dissecting
and incising the epididymis to extract semen by gently
squeezing it onto a clean, warmed slide. Two drops of warm
2.9% sodium citrate were added to the semen and mixed
using a cover slip. Progressive sperm motility was then
visually assessed at 400x magnifcation, with three felds
examined in each sample for estimation [16]. Te number of

sperm was determined utilizing a hemocytometer at 40x
magnifcation. Eosin nigrosin was used to produce and stain
seminal smears to assess sperm viability (ratio of alive to
dead sperm) and sperm cell abnormality [17]. Following
Johnsen [18], the score was assessed.

2.8. Testicular Markers and Leptin Analysis. Testicular pro-
tein concentration was measured following Bradford [19].
Additionally, the acid phosphatase and alkaline phosphatase
levels in the testicular homogenate were determined following
the methods in [20, 21] using Clinical and Applied Chemistry
Laboratory in Amposta, Tarragona, Spain, and Biolabo SA in
Maizy, France. Te serum leptin levels were measured fol-
lowing Considine et al. [22] using the active Leptin ELISA Kit
from DSL (Diagnostic Systems Laboratory, Inc.).

2.9.AssessmentofAntioxidantParameters inTesticularTissue.
GSH level is assessed as follows [23]. Malondialdehyde
(MDA) levels were measured according to Preuss et al. [24].
Te activity of SOD was assessed following Nishikimi et al.
[25]; this method evaluates SOD’s ability to stop the
phenazine methosulphate-mediated reduction of nitro blue
tetrazolium (NBT) dye, with photometric measurements
taken at 560 nm. Following the specifed procedure, nitric
oxide concentration in the testicular homogenate was
ascertained by calculating the total nitrite-to-nitrate ratio
[26]. MDA, SOD, and GSH levels were measured spectro-
photometrically using Bio-diagnostic kits, Egypt, with CAT
nos. MD2529, SD2521, and TA2511, respectively.

2.10. Histopathological Analysis. Histopathological analysis
was conducted using the protocol described by Bancroft and
Gamble [27]. Testicular samples from four rats in each group
were collected immediately after euthanasia and sliced into
small pieces of 0.4–0.5 cm thickness. After fxation in
Bouin’s solution for 18 hours, the tissue samples underwent
dehydration using a gradient of ethanol concentrations
(from 70% to absolute alcohol) and clearing in xylene.
Subsequently, the samples were processed for histological
examination. Tin sections, approximately 4-5 μm thick,
were stained with hematoxylin and eosin for histopatho-
logical analysis.

Detection of circumferences of the seminiferous tubules
(in micrometers): Te average circumferences of the sem-
iniferous tubules in the tested groups were determined by
measuring the lining of a cross section of the tubules. Tis
measurement was conducted on six samples in each feld,
using a magnifcation of 50x. It is worth noting that lon-
gitudinal cuts were not included in the analysis. Total count
of maturing sperm cells: Te count of spermatogenic cells
was performed, encompassing all stages from spermatogonia
to spermatozoa. Following Johnsen [18], the score was
assessed.

2.11. Gene Expressions (qPCR). TRIzol (Invitrogen, Carls-
bad, USA) was utilized for extraction of the total RNA from
100mg of testicular tissue, with subsequent RNA
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concentration determination using a Nanodrop UV-Vis
spectrophotometer Q5000/Quawell, focusing on samples
with an A260/A280 ratio of 1.8 or higher. Tese RNA
samples were further employed for cDNA synthesis utilizing
a kit from Fermentas. For cDNA amplifcation, SYBR Green
Master Mix from Roche and specifc primers listed in
Table 1S were exploited in a fnal reaction volume of 20 μl.
Te housekeeping gene GAPDH served as a reference during
amplifcation. Melting curve analysis validated the PCR
products, and the Rotor-Gene Q instrument from Qiagen
facilitated automatic data collection and analysis of the
threshold cycle value (Ct). Te 2−ΔΔCt method was then
applied to evaluate the amplifcation data [28].

2.12. Molecular Docking Assessment

2.12.1. Instruments and Tools. Protein and ligand retrieval,
as well as molecular docking, was conducted using the
AlphaFold database (https://alphafold.ebi.ac.uk/) and the
Molecular Operating Environment (MOE 2015.10, Chemical
Computing Group, Montreal, QC, Canada).

2.12.2. Ligand Preparation. Tree-dimensional structures of
R. raetam’s bioactive compounds were retrieved from the
LOTUS database (https://lotus.naturalproducts.net/) in SDF
format and opened in MOE software for energy minimi-
zation and docking with target proteins.

2.12.3. Protein Preparation. Bax 3D structures were ob-
tained from the UniProt database and applied to rats (https://
www.uniprot.org/uniprotkb/Q63690/entry). Te target pro-
tein was prepared for docking using MOE software by re-
moving water and ligand molecules present in the protein
structures along with target protein energy minimization.

2.12.4. Molecular Docking Analysis and Visualization.
Target proteins were docked with ligands using MOE
software by identifying the binding site and docking with the
induced ft model. Ultimately, the protein-ligand in-
teractions were imagined by the same software.

2.13. Data Analysis. Te data are shown as mean± SEM for
each group. Te data normality and homoscedasticity were
evaluated using Shapiro–Wilk and Bartlett’s tests. One-way
ANOVA, with the Tukey–Kramer postanalysis test, was
utilized for multiple comparisons at P< 0.05, using
GraphPad Prism 8 software (GraphPad Software, San Diego,
CA, USA).

3. Results

3.1. RR Quells the Relative Weight and Accessory Glands of
HFD/STZ Rats. A substantial reduction in the relative
weight of the testes and other accessory glands, such as the
prostate, seminal vesicle, and epididymis, was observed in
HFD/STZ rats, demonstrating a decrease linked to the other
groups as indicated in Table 1 (P< 0.05). A notable disparity

did not exist in the relative accessory gland weight between
the control one and the RR-supplemented rats. Further-
more, the epididymal fat pads and total body weight were
notably boosted in the HFD group linked to the other
relevant groups.

Identifying an efective treatment for hyperglycemia is
a critical aspect of diabetes research. As such, our objective
was to examine whether RR could potentially exert an anti-
hyperglycemic efect in diabetic rats. Upon analyzing the
data in Table 2 and comparing the results with the control
group, we observed a substantial upsurge in fasting blood
glucose, serum insulin, and HOMA-IR level following the
induction of hyperglycemia using HFD/STZ throughout the
study period (P< 0.05). In contrast, healthy rats maintained
fasting blood glucose levels within the normal range. Te
heightened fasting glucose levels in diabetic rats underscore
the severity of the hyperglycemic condition.

Te administration of RR decreased insulin and
HOMA-IR levels in HFD/STZ-treated rats linked to un-
treated HFD/STZ rats (P< 0.05). Additionally, a signifcant
decline in beta-cell function was noticed in the HFD/STZ-
induced rats linked to the treated groups (P< 0.01), and
concerning the control group, rats treated with standard
diabetes treatments exhibited improved beta-cell activity
(P< 0.05). Notably, the RR-treated groups demonstrated
a substantial enhancement in beta-cell function linked to the
control one, with the RR20 rats showing a particularly
noteworthy elevation in beta-cell function (P< 0.05).

3.2. Efect of RRAdministration on SpermParameters ofHFD/
STZ-Treated Rats. According to the fndings in Table 3, the
rats induced with HFD/STZ exhibited a drop in concen-
tration of sperm, sperm motility %, and viability and a boost
in sperm cell abnormalities associated with the other groups.
Nonetheless, the group treated with RR presented a con-
siderable improvement in sperm concentration, sperm
motility percentage, and viability while also experiencing
decreased sperm cell abnormalities.

3.3. Efect of RR Administration on Testicular EnzymeMarker
and Leptin of HFD/STZ-Treated Rats. Tis study observed
a notable decrease in testicular enzyme marker (ACP and
ALP) levels in the HFD/STZ group associated with the
treated rats. Conversely, control and RR-administration
groups confrmed a signifcant rise (P< 0.05) in ACP and
ALP concentrations in the HFD/STZ rats. Figure 1 depicts
a meaningful decline in testosterone concentration (serum
and tissue) in the HFD/STZ rats concerning treated groups
(P< 0.01). Conversely, RR groups exhibited considerable
improvement in both testicular and serum testosterone
concentrations associated with the HFD/STZ groups, with
increased leptin levels in the HFD group concerning other
treated groups (Figure 2).

3.4. Impact of RR Administration on Oxidative InjuryMarker
of HFD/STZ-Treated Rats. Te HFD/STZ rats exhibited
a noteworthy upsurge (P< 0.05) in MDA (testicular)
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Table 1: Te impact of RR supplementation on the relative weight of the testes, seminal vesicle, epididymis, and prostate gland across
various treated groups.

Body weight
(g) Testes (g) Seminal vesicle

(g) Epididymis (g) Prostate glands
(g)

Fat pads
(g)

Control 325.2± 5.1d 1.44± 0.1a 0.95± 0.01a 0.96± 0.01a 0.48± 0.01a 4.94± 0.19e
HFD/STZ 422.5± 7.1a 0.71± 0.2b 0.40± 0.04c 0.40± 0.01c 0.20± 0.01c 7.84± 0.12a
HFD/STZ+RR10 385.4± 5.2b 1.05± 0.1c 0.65± 0.01b 0.66± 0.02b 0.33± 0.01b 6.34± 0.11b
HFD/STZ+RR20 367.5± 6.1c 1.22± 0.2a 0.87± 0.02a 0.90± 0.01a 0.45± 0.01a 5.47± 0.39d
HFD/STZ+RR30 384.5± 8.1b 1.15± 0.1ab 0.78± 0.01ab 0.79± 0.04ab 0.39± 0.02ab 6.01± 0.39c

Values are represented as mean± SEM. Means with distinct letter superscripts within the same column indicate signifcance at P< 0.05 (N� 10).

Table 2: Te impact of RR on the serum levels of glucose, insulin, HOMA-IR, and HOMA-β in HFD/STZ-treated rats.

Fasting glucose (fasting)
(mg/dl) Fasting insulin (μIU/ml) HOMA-IR HOMA-β

Control 95.26± 1.2c 25.16± 1.2d 5.92± 0.14e 280.77± 5.2d
HFD/STZ 450.36± 10.1a 175.5± 4.5a 195.21± 4.1a 163.14± 3.2e
HFD/STZ+RR10 108± 2.4b 85± 1.4b 22.67± 1.4b 680± 7.4c
HFD/STZ+RR20 78± 2.4e 72± 1.1c 13.87± 1.2d 1728± 9.1a
HFD/STZ+RR30 88± 3.1d 78± 1.6b 16.95± 1.2c 1123.2± 8.2b

Te values are presented as mean± SEM, and diferences indicated by distinct letters within the same column are considered signifcant at P< 0.05 (N� 10).

Table 3: Efect of RR administration on sperm cell concentration, motility, abnormalities, and sperm cell viability of HFD/STZ-treated rats.

Sperm cell concentration
(×106/ml) Motility (%) Abnormalities (%) Sperm viability (%)

Control 251± 5.1a 82± 1.2a 10.4± 0.8d 82.3± 0.5a
HFD/STZ 145± 4.2d 36± 0.5c 35.6± 1.2a 45.5± 0.4d
HFD/STZ+RR10 215± 3.5c 65± 0.8c 16.5± 0.7b 68.4± 1.1c
HFD/STZ+RR20 235± 2.5b 74± 0.8b 12.3± 0.4d 74.5± 0.7b
HFD/STZ+RR30 223± 2.1c 67± 0.9c 14.4± 0.5c 70.4± 1.5c

Te values are presented as mean± SEM, and diferences indicated by distinct letters within the same column are considered signifcant at P< 0.05 (N� 10).
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Figure 1: Efect of EE supplementation on enzyme markers of the testicular acid phosphatase (a) and alkaline phosphatase (b). Values are
represented as mean± SEM. ∗P< 0.05, or ∗∗∗P< 0.001, compared with the treated control group; ###P< 0.001, compared with the HFD/STZ
group; $P< 0.05, compared with the RR20 treated group (N� 10).
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quantity concerning the control group. However, treat-
ment with RR at doses of RR10, RR20, and RR30 led to
a meaningful reduction (P< 0.05) in testicular MDA
quantity in the HFD/STZ-treated rats. Additionally, GSH
levels in the HFD/STZ rat’s testicles were substantially
reduced (P< 0.05), as shown in Figure 3. However, RR
supplementation prevented the decrease in GSH levels
(testicular). Furthermore, the testicular SOD levels were
markedly reduced in the HFD/STZ rats when matched
with the control one. Te RR administration to the HFD/
STZ rats led to a marked improvement in testicular SOD
levels.

3.5. Efect of HFD/STZ-Treated Rats and RR Treatment on
CYP17, STAR, 3βHSD, BAX, and BCL2 Expression.
According to the fndings in Figure 4, the mRNA expres-
sions of CYP17, STAR, 3βHSD, and BCL2 substantially
diminished in the HFD/STZ rats associated with the other
groups. Conversely, there was substantial progress in the
mRNA expression of the Bax in the HFD/STZ group.
However, the HFD/STZ rats treated with RR exhibited
signifcantly reduced BAX expression and increased mRNA
expression of CYP17, STAR, 3βHSD, and BCL2 genes.Tese
changes indicate a restoration of gene expression values
comparable to control rats.
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Figure 2: Te impact of RR supplementation on the enzyme markers of testicular testosterone (a), serum testosterone (b), and leptin
(c) is expressed as mean ± SEM. Signifcance levels are denoted by, ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001, compared with the treated
control group; or #p < 0.05, ##p < 0.01, or ###p < 0.001, compared with the HFD/STZ group; and $p < 0.05 compared with the RR20 treated
group (N � 10).
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3.6. Histopathological Examination. Normal testicular ar-
chitecture was observed upon histopathological assessment
of the testes of the nondiabetic groups (control and RR-
treated). Te seminiferous tubules had intact structure, with
strata of spermatogenic cells and spermatozoa towards the
lumen, separated by a thin interstitial tissue. However, the
seminiferous tubules were disrupted in the HFD/STZ rats.
Tere were decreased spermatogenic cell thickness,
sloughing of cells, and reduced tubular diameter.Te tubular
lumen was enlarged, with interstitial tissue edema and de-
generation as reported in Figure 5.

In comparison, HFD/STZ rats treated with RR showed
improved testicular tissue compared to untreated rats. Te
treated rats exhibited increased spermatogenic cell
thickness, spermatids, and spermatozoa in the tubule

lumen and mild swelling and congestion in the testicular
blood vessels, especially at higher RR concentrations.
Tese fndings indicate that RR treatment positively im-
pacted testicular tissue in HFD/STZ rats, improving
spermatogenic cell thickness and mature germ cell
presence while mitigating swelling/edema and interstitial
tissue degeneration.

Te HFD/STZ rats signifcantly decreased the seminif-
erous tubule circumferences and total sperm cell maturation
count concerning the control group. Nonetheless, RR at
RR10, RR20, and RR30 doses led to meaningful increases in
these parameters (P< 0.05) in testicular MDA quantity in
HFD rats. Additionally, the RR administration to the HFD/
STZ rats led to a marked improvement in Johnsen scoring in
HFD/STZ rats.
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Figure 3: Efect of EE supplementation on the antioxidant and oxidant activity of testicular MDA (a), SOD (b), and GSH (c). Values are
represented as mean± SEM. ∗P< 0.05, or ∗∗∗P< 0.001, compared with the treated control group; ###P< 0.001, compared with the HFD/STZ
group; $P< 0.05, compared with the RR20 treated group (N� 10).
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Figure 4: Efect of EE supplementation on the testicular mRNA expression of the CYP17 (a), STAR (b), 3B-HSD (c), Bax (d), and Bcl-2 (e).
Values are represented as mean± SEM. ∗∗∗P< 0.001, compared with the treated control group; #P< 0.05, ##P< 0.01###P< 0.001, compared
with the HFD/STZ group. $P< 0.05 compared with the RR20 treated group (N� 10).
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Figure 5: Histomicrograph of H&E-stained testicular sections of diferent treated groups. Control group (a) shows normal intact
seminiferous tubules containing diferent layers of spermatogenic cells (asterisk) separated by interstitial tissue (I). Te HFD/STZ group
(b) shows loss of spermatids and a few layers of spermatogenic cells (asterisk), presence of giant cells (arrowheads), and accumulation of
cellular debris in the lumen of some tubules (arrows). RR10mg/kg group (c) shows loss of spermatids in some tubules (asterisk) and
accumulation of cellular debris in the lumen of some tubules (arrows). RR20mg/kg group (d) shows loss of spermatids in a few tubules
(asterisk). RR30mg/kg group (e) shows loss of spermatogenic cells in some tubules (asterisk) and accumulation of cellular debris in the
lumen of some tubules (arrows). (f ) Seminiferous tubule circumferences. (g) Sperm maturation count. (h) Johnsen score. Values
are represented as mean± SEM. ∗P< 0.05, ∗∗P< 0.01, compared with the treated control group; #P< 0.05, ##P< 0.01, compared with the
HFD/STZ group; $P< 0.05, compared with the RR20 treated group.
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3.7. Molecular Docking Assessment. Data represented in
Table 4 show the molecular docking scores of R. raetam’s
bioactive compounds against Bax. Furthermore, the top 5
compounds against Bax are illustrated in Figure 6.
Kaempferol 7-o-glucoside interacted with ASP159 (two H-
donors), SER55 (H-acceptor), and GLN18 (H-acceptor)
residues in the binding site of Bax with an energy of
−7.48 kcal/mol (Figure 6(a)). A molecule binds to the Bax
protein site via hydrogen bonds with GLU61, THR42,
PRO50, and ARG64, with a binding energy of −7.08 kcal/
mol, indicating strong interaction (Figure 6(b)). By H-
acceptor bond, vicenin 2 interacted with GLN32 in the
binding site of Bax with an energy of −6.94 kcal/mol, as
represented in Figure 6(c). Luteolin 7-o-glucoside binds to
the binding site of Bax by H-donor (THR56) and H-acceptor
(LYS21) with energy of −6.65 kcal/mol (Figure 6(d)). Finally,
orientin interacted with PRO51 (H-donor) and ARG64 (H-
acceptor) residues in the compelling site of Bax with an
energy of −6.58 kcal/mol (Figure 6(e)).

4. Discussion

Te efectiveness of R. raetam extract in treating diabetes
using an HFD/STZ-induced animal model was examined, as
this is a widely employed tool to explore the underlying
mechanisms involved in T2DM. Experimental rats were
supplied an HFD and received STZ, which induces insulin
resistance [29]. Tis combination led to high blood sugar
levels (hyperglycemia) and increased insulin levels (hyper-
insulinemia) in rats. Tese fndings support the previous
research by Dolan [30], indicating that STZ blocks glucose
metabolism. Te data exhibited that the insulin resistance
index was higher and fasting blood glucose and insulin levels
were substantially higher in diabetic obese rats. However,
when administered at diferent doses, reproductive re-
habilitation (RR) enhanced responsiveness to insulin and
glucose, leading to better glycemic management. Tese
fndings align with Maghrani et al. [10], who found that
normal and diabetic rats showed substantially declined
blood sugar after being administered the RR aqueous extract.
Te hypoglycemia impact was more noticeable in the di-
abetic rats than in normal rats, which is an exciting fnding.

Moreover, the observation of hypoglycemic conse-
quences in normal rats, often accompanied by indications of
critical hypoglycemia, proposes that the RR extract has vital
pharmacological characteristics. Glucagon, catecholamines,
and cortisol are all components that work against hypo-
glycemia, but the RR extract kept blood sugar levels down
[31]. In the context of diabetes, our fndings demonstrate
that RR can be a benefcial intervention for managing blood
glucose levels and enhancing insulin sensitivity [32]. Te
antidiabetic efects of R. raetam (RR) infusion appear to
work through mechanisms outside the pancreas. RR in-
fusion has increased glucose excretion in urine, indicating
a possible hypoglycemic activity. Tis efect is believed to be
achieved by reducing glucose reabsorption in the renal
proximal tubule. Te RR extract may hinder renal glucose
conveyance by infuencing the activity of these transporters.
Te RR extract may also promote glucose uptake in

peripheral tissues, address insulin resistance, reduce glucose
production within the body, or enhance glycogen pro-
duction in the liver and muscles [33]. Our results indicated
a reduction in the relative weight of the testes and associated
glands, such as the prostate, seminal vesicle, and epididymis,
compared to the other groups. Tis reduction in weight in
the diabetic group may be attributed to testicular de-
terioration and a decrease in epididymis weight. It is crucial
to recognize that the testes and surrounding reproductive
tissues rely on testosterone, which supports the growth and
secretory functions of the reproductive organs.

Consequently, this leads to an upsurge in the number
and function of germinal cells in the testes, resulting in
increased weight of the testes and epididymis, as highlighted
in a previous study [34]. Furthermore, another study by
Pourheydar et al. [35] demonstrated that the atrophic
changes observed in the epididymis of diabetic rats were due
to decreased tubular diameter, volume, and surface density.
Tese fndings provide further insights into the mechanisms
underlying testicular and epididymal deterioration in the
context of diabetes.

Research has demonstrated that being overweight can
impact fertility and the quality of semen by interfering with
the spermatogenesis process [36]. It has been observed that
obese men often experience infertility, which is associated
with metabolic disturbances and hormonal imbalances [37].
Increasing evidence suggests that obesity can lead to insulin
resistance, thus infuencing the advancement of various
obesity-related conditions [38]. Additionally, decreased
testosterone in the bloodstream is linked to insulin sensi-
tivity [39]. Insulin resistance plays a signifcant re-
sponsibility in the impaired semen properties and
dysfunction in spermatogenesis caused by obesity. Our
research revealed a notable decline in testicular enzyme
marker (ACP and ALP) levels in the HFD/STZ rats asso-
ciated with the control.

Additionally, there was a substantial reduction in serum
testosterone concentration and testicular testosterone in the
HFD/STZ rats compared to the other groups. A sufcient
level of leptin is essential for regular reproductive function,
whereas excessive leptin production, leading to hormonal
resistance, could be a signifcant factor in androgen de-
fciency among obese men [40]. Furthermore, elevated leptin
levels correlate to insulin resistance and metabolic disorders
primarily infuenced by obesity [41].

Te development of DM is linked to an inequality be-
tween the oxidative and antioxidative systems within cells.
Excessive creation of reactive oxygen species causes this
imbalance. Antioxidant enzymes play crucial roles in re-
moving free radicals and preventing the destructive prop-
erties of oxidant molecules on tissues and cells [42]; the
previous literature was inconsistent with our fndings in
which HFD/STZ showed a noteworthy lessening in the SOD
and GSH with relevant increases in the MDA activity; this
consequence was aborted by the RR supplementation in
which R. raetam plant treatment increased SOD and glu-
tathione peroxidase activities in the blood and decreased
malondialdehyde and nitric oxide levels in the serum and
plasma, respectively. Te favonoids found in medicinal
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plants may have these benefts because of their antioxidant
capabilities. Tere have been reports of similar results by
Muzes et al. [43].

Both obesity and diabetes have detrimental efects on
sperm parameters and are linked to decreased testosterone
levels [44]. Tis strengthens our fnding that HFD/STZ is
accompanied by reduced testosterone levels with decreased
whole semen quality; this action was reversed by the RR
supplementation that led to improvement in the testosterone
level concerning the HFD/STZ-treated rats due to its an-
tioxidant activity and hypoglycemic efect; it was proved that
diabetes negatively impacts male sexual and reproductive
function by causing adverse efects such as impaired

spermatogenesis, decreased serum testosterone levels, and
reduced semen volume [45]. Androgens are essential in male
sexual development, spermatogenesis, and overall sexual
function. Specifcally, testosterone targets Sertoli cells to
maintain spermatogenesis by binding to androgen receptors
and activating gene expressions that regulate the process
[46]. Testosterone is synthesized through Leydig cell ste-
roidogenesis, which relies on the passable expression of
various steroidogenic enzymes, comprising STAR, P450scc,
3βHSD, 17β-HSD, and CYP17. Obesity and metabolic
syndrome compromise steroidogenesis, leading to reduced
levels of testosterone and progesterone in males. Previous
studies have observed these efects [47, 48]. Tis was in

Table 4: Molecular docking scores of Retama raetam’s bioactive compounds against Bax.

Compounds Lotus ID Scores
Kaempferol 7-o-glucoside LTS0025882 −7.48
5-Hydroxy-2-(4-hydroxy-3-methoxyphenyl)-7-{[(2s,3r,4s,5s,6r)-3,4,5-trihydroxy-
6-(hydroxymethyl) oxan-2-yl]oxy}chromen-4-one LTS0065615 −7.08

Vicenin 2 LTS0181160 −6.94
Luteolin 7-o-glucoside LTS0227450 −6.65
Orientin LTS0172349 −6.58
Stigmast-5-en-3-ol LTS0071224 −6.57
Apigenin 7-o-β-glucoside LTS0252743 −6.50
(1r,2s,3s,9s,10s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecan-3-ol LTS0031783 −6.34
Ephedroidin LTS0212990 −6.22
(1r,2s,3s,9r,10s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecan-3-ol LTS0037284 −6.02
Baptifoline LTS0154575 −5.91
17-Oxosparteine LTS0114169 −5.85
7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadec-10-en-3-ol LTS0132509 −5.84
(−)-Lupanine LTS0210779 −5.81
Sparteine LTS0017952 −5.77
7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecan-3-ol LTS0200118 −5.77
Stigmast-5-en-3-ol, octadecanoate (3β)- LTS0204616 −5.74
(2r,10s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecane LTS0218994 −5.68
(1s,2r,9s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecane LTS0164750 −5.67
Ammodendrine LTS0084410 −5.63
Rhombifoline LTS0179520 −5.63
Anagyrine LTS0112684 −5.55
(1r,9r,10r)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadeca-2,4-dien-6-one LTS0136102 −5.54
(9r,10r)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadeca-2,4-dien-6-one LTS0207526 −5.54
Lupanine l-form LTS0101912 −5.52
(1s,9r,10r,12s)-12-Hydroxy-7,15-diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadeca-2,4-dien-6-one LTS0078452 −5.39
Quercetin LTS0004651 −5.32
Termospine LTS0069032 −5.31
Asahina LTS0068303 −5.25
(−)-Naringenin LTS0072900 −5.19
Kaempferol LTS0155822 −5.18
(1r,2r,9s,10r)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadecan-6-one LTS0167136 −5.14
Hispidol LTS0135619 −4.99
(1r,9r)-11-Methyl-7,11-diazatricyclo[7.3.1.02,⁷]trideca-2,4-dien-6-one LTS0096355 −4.96
Daidzein LTS0130369 −4.95
(9r,10s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadeca-2,4-dien-6-one LTS0057406 −4.91
Sophoramine LTS0114341 −4.89
Chamomile LTS0104946 −4.83
Retamine LTS0060917 −4.81
Sparteine LTS0042917 −4.80
(1r,2r,9r,10s)-7,15-Diazatetracyclo[7.7.1.02,⁷.01°,1⁵]heptadec-5-ene LTS0211927 −4.69
Cytisine LTS0079832 −4.60
6-Oxo-7,11-diazatricyclo[7.3.1.02,⁷]trideca-2,4-diene-11-carbaldehyde LTS0240022 −4.60
7,11-Diazatricyclo[7.3.1.02,⁷]trideca-2,4-dien-6-one LTS0030930 −4.41
(9R)-7,11-Diazatricyclo[7.3.1.02,⁷]trideca-2,4-dien-6-one LTS0111966 −4.36
Choline LTS0170307 −3.83
Trigonelline LTS0040106 −3.81
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Molecular docking score = -7.48 kcal/mol 
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Figure 6: Continued.
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harmony with our fndings concerning the steroidogenic
gene expression; in the same way, RR supplementation
normalized gene expression, enhancing antioxidant and
antiapoptotic efects. Tis led to increased BCl2 levels and
decreased Bax expression. In addition, R. raetam’s bioactive
compounds exhibited binding afnity to Bax’s binding site,
especially kaempferol 7-O-glucoside, 5-hydroxy-2-(4-
hydroxy-3-methoxyphenyl)-7-{[(2S,3R,4S,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}chromen-4-
one, vicenin 2, luteolin 7-O-glucoside, and orientin.

Te testicular tissue exhibited several changes, including
spermatid loss and a decrease in spermatogenic cell layers. In
addition, giant cells and an accumulation of cellular debris in
the lumen of some tubules were observed. Furthermore, the
seminiferous tubules showed a decreased diameter. Tese
fndings are consistent with [49] because elevated glucose
levels have the potential to impact testicular function neg-
atively and may contribute to infertility [50]. RR

supplementation resulted in seminiferous tubules with clear
layers containing diferent stages of spermatogenic cells.
However, there was a loss of spermatogenic cells in some
tubules, possibly due to the RR hypoglycemic efect [10].

Experimental evidence indicates that various parts of the
“Retama” plant contain signifcant secondary metabolites,
including favonoids, phenolic acids, alkaloids, glycosides,
polysaccharides, stilbenes, saponins, and tannins, display
promise as potential antidiabetic agents, and hold potential
for pharmaceutical drug development [51]. Tese natural
products exhibit a range of biological actions, such as an-
timicrobial, anti-hyperglycemic, anti-infammatory, anti-
glycation, antioxidant, pain-relieving, cytocidal, hemostatic,
and diuretic efects [52, 53]. Saponin steroids have been
noted for their pain-relieving, anti-infammatory, immune-
modulating, immune-adjuvant, and antitumor properties
[54]. Traditional medicine practitioners have also used
powdered leaf extracts to treat circumcision wounds,

Molecular docking score = -6.65 kcal/mol 
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Figure 6: Molecular docking interaction of R. raetam’s bioactive compounds against Bax. (a) Kaempferol 7-o-glucoside. (b) 5-Hydroxy-2-
(4-hydroxy-3-methoxyphenyl)-7-{[(2s,3r,4s,5s,6r)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}chromen-4-one. (c) Vicenin 2.
(d) Luteolin 7-o-glucoside. (e) Orientin.
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antiseptic wounds, pruritus, skin rashes, and microbial in-
fections [55]. Pinitol, a compound derived from aqueous
extracts, has shown potential as a mediator for reducing
infammation and blood glucose levels with hypoglycemic
efects [56].

 . Conclusion

Te study found that RR had multiple benefcial efects on
the testes. Steroidogenesis genes were upregulated, while
Bax, a cell death protein, was downregulated. Additionally,
RR signifcantly increased aromatase activity. Tese out-
comes propose that RR has a protective consequence on the
reproductive organs like the testes and may contribute to its
testicular protective efects against HFD/STZ-induced
damage. R. raetam’s bioactive compounds, including
kaempferol 7-o-glucoside, 5-hydroxy-2-(4-hydroxy-3-
methoxyphenyl)-7-{[(2s,3r,4s,5s,6r)-3,4,5-trihydroxy-6-
(hydroxymethyl) oxan-2-yl]oxy}chromen-4-one, vicenin 2,
luteolin 7-o-glucoside, and orientin, exhibited binding solid
afnity to Bax’s binding site. Te antioxidant activity of RR
may play a role in these protective efects, alongside its
hypoglycemic efect. Tis study proposes the potential of RR
as a therapeutic intervention for testicular protection in the
context of obesity and diabetes.
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