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Conventional systems of medicine play a crucial role in maintaining healthcare. Herbal medicines are intact and less harmful to
human beings than synthetic medicines. This study aimed to investigate the phytochemicals and in vivo hypolipidemic effect of
chloroform extract of Lagenaria siceraria in Triton X-100 (100 mg/kg body weight) induced hyperlipidemic Wistar rats. The
phytochemical characterization and estimation were performed on the base of the GC-MS approach. The Lagenaria siceraria extract
(250 and 500 mg/kg bw) was administered orally to hyperlipidemic-induced rats for 7 days to examine its hypolipidemic activity. The
experimental animals did not display any acute toxicity. Atorvastatin (10 mg/kg bw) was used as a standard drug. Administration of
Lagenaria siceraria extract lowers the total cholesterol (TC), triglyceride (TG), and low-density lipoproteins-cholesterol (LDL-C)
levels whereas elevating the high-density lipoproteins-cholesterol (HDL-C) level. Histological studies of the liver and heart also
showed the hypolipidemic effect of the extract. On the gth day, no inflammation of the liver, myocardial necrosis, fibrosis, or atypia
was seen. Furthermore, binding affinity and plausible binding mode of stigmastan-3-ol with HMG-CoA reductase were predicted by
molecular docking studies which showed the same interaction patterns as atorvastatin. Moreover, the docking results were refined by
100 ns MD simulations which revealed that stigmastan-3-ol extract formed a stable complex with protein and did not induce any
conformational changes in protein structure.

1. Introduction

Hyperlipidemia is a condition that occurs due to higher levels
of total cholesterol (T'C), low-density lipoprotein-cholesterol
(LDL-C), triglycerides (TG), and very low-density lipoprotein
(VLDL). This disease affects human health badly leading to
a variety of cardiovascular disorders including angina

pectoris, myocardial infarction, hypertension, atherosclerosis,
and congestive heart failure. Hyperlipidemia is divided into
two types, first is primary hyperlipidemia (familial hyper-
lipidemia) which is caused by specific genetic problems. The
other type of hyperlipidemia is secondary hyperlipidemia
(acquired hyperlipidemia) which is caused due to some
disorders leading to abnormalities in plasma lipids and


https://orcid.org/0000-0002-4303-0694
https://orcid.org/0000-0002-2285-7406
https://orcid.org/0000-0003-2405-169X
https://orcid.org/0000-0001-7860-0522
mailto:qudsia.kanwal@chem.uol.edu.pk
mailto:mahmood.ahmed@ue.edu.pk
mailto:mmuddassar@comsats.edu.pk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/3010463

lipoprotein metabolism [1, 2]. Hyperlipidemia is also a highly
anticipated risk factor for atherosclerosis, cerebral vascular
disease, and coronary artery disease [3]. Atherosclerosis of
coronary arteries is generally a disease of an arterial network
called dynamic and silent killer described by the production of
abrasions known as atherosclerosis plaques inside the walls of
coronary arteries, which cuts down blood flow to the heart
and is called CAD (coronary artery disease) [4]. Various
shreds of evidence showed that hyperlipidemia is linked to
atherosclerosis and clinical tests demonstrated that decreasing
serum cholesterol lowers mortality and distress of patients
having established CAD [5, 6]. Condiments, herbal plants,
and fruits used for daily food have been identified as hypo-
lipidemic in Ayurveda [7].

Conventional systems of medicine play a crucial role in
maintaining healthcare. Herbal medicines are intact and less
harmful to human beings than synthetic medicines [8].
Several herbal remedies are being used in many medical
organizations for the medication and management of dif-
ferent diseases. Usually, herbal compositions include the use
of dried or fresh plant parts. Also, herbs provide many
important lifesaving medicines that are being used in the
modern scheme of medicine. So, laboratories are busy all
over the world in the selection and separation of different
components of plants for their potential therapeutic
applications [8].

Lagenaria siceraria (L. siceraria) is an important vege-
table that is grown throughout Pakistan and is readily found
in the market all over the year. It is an exceptional vegetable
for human beings granted by nature which contains all the
principal components required for good and normal human
health. It is an excellent source of carbohydrates, proteins,
minerals, and pectin and also contains the highest level of
lipotropic agent choline which is crucial for better func-
tioning of the brain [9]. The ethanolic and methanolic ex-
tracts have been reported for various disease targets such as
analgesic, anti-inflammatory, antioxidant, hepatoprotective,
diuretic, antihyperlipidemic, antidepressant, antiulcer, and
antibacterial activities [8, 10]. Its pulp is applied to the soles
of feet for the cure of “burning feet.” Its seeds have cooling,
fattening, and antihelmintic effect [11] whereas lagenin (a
ribosome-inactivating protein) has been separated from the
lyophilized water extract of its seeds; this extract has anti-
viral, immunosuppressive, antiproliferative, immunopro-
tective, antitumor and anti-HIV activities [8]. Although
studies have been performed on L. siceraria, all the studies
used ethanolic or methanolic extracts of this vegetable. In the
present study, extraction was performed with chloroform;
consequently, gas chromatography coupled with mass
spectrometry (GC-MS) was conducted to find the phyto-
chemicals to explore their hypolipidemic activity. Also,
chloroform extracts of L. siceraria were explored for anti-
bacterial, anti-inflammatory, and antioxidant activities.
These findings suggest that L. siceraria may have potential
therapeutic applications in the treatment of various diseases
which involve inflammation and bacterial infections [12, 13].
Furthermore, the use of chloroform as a solvent for the
extraction of bioactive compounds from L. siceraria is also
noteworthy. While other solvents such as ethanol and
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methanol are commonly used in plant extractions, chloro-
form has unique properties that make it suitable for the
extraction of specific compounds which may not be
extracted using other solvents. Therefore, the use of chlo-
roform as a solvent for the extraction of L. siceraria’s bio-
active compounds adds to the novelty of the research on
this plant.

Moreover, in silico studies were performed to check the
role of stigmastan-3-ol as ligands against hypolipidemic re-
ceptor proteins. Molecular docking studies were performed,
and the binding mode of stigmastan-3-ol in the HMG-CoA
reductase binding site was analyzed to check its similarity
with the atorvastatin binding mode. The bulky hydrophobic
group of atorvastatin occupies the binding pocket of the
HMG, thus the substrate access to HMGR is blocked [14],
which helps in lowering the cholesterol level. So, the same
binding pattern of stigmastan-3-ol can mimic the same bi-
ological activity. Finally, the stability of stigmastan-3-ol with
protein was determined by 100 ns MD simulation.

2. Materials and Methods

2.1. Plant Material. The fresh vegetable samples were col-
lected from a local market in Lahore, Pakistan. Identification
and authentication of the plant were performed by plant
taxonomists (Institute of Agricultural Sciences, University of
the Punjab, Lahore, Pakistan). A voucher specimen (voucher
no. UOLDC-011) was deposited in the herbarium of the
university. The samples were washed thoroughly and dried
in the shade for a week. The dried fruits were ground to
powder.

2.2. Preparation of Crude Extract. To determine the hypo-
lipidemic activities, the powdered sample was soaked in
500 mL chloroform overnight and then extracted using the
Soxhlet extraction process with minor modifications in the
already reported extraction methodology [15]. The extract
obtained was subjected to rotary evaporation for removal of
solvent and then placed in a hot air oven to dry the extract
completely and placed at 4°C for future use.

2.3. Gas Chromatography-Mass Spectrometry Study (GC-MS).
To determine the natural component of L. siceraria extract,
the considered extract was analyzed by using a GC-MS
chromatograph from Agilent Technologies (7890 A, Santa
Clara, CA, USA) equipped with an HP-5 (length 30 m, i.d.
250 ym, film thickness 25 ym). 1.0 L of the sample (1/100,
v/v prepared in methanol) was injected in split mode. The
mass spectrometer was an Agilent Technologies (5975C)
system working on 70 eV with a scan time of 1.0 sec, and the
oven temperature ranged from 35°C to 300°C, while the
temperature of the injector was 180°C and the mass ranged
from 50 to 500 amu.

2.4. Animals and Toxicological Studies. All the animal ex-
perimental methods were conducted as per guidelines of the
UK Animals (Scientific Procedures) Act 1986, approved by
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the Animal Ethical Committee (Ethical certificate: ECDC-
002-UL) of The University of Lahore, Pakistan. A total of
thirty Wistar albino rats of either sex having a weight between
200 and 250 g were kept under standard conditions in the
animal house, Faculty of Pharmacy, The University of Lahore,
under the guidelines of the EEC Directive of 1986 (86/609/
EEC) use of laboratory animals (NIH Publication no. 80-23;
revised 1978). The rats were subjected to toxicological studies
tests by giving them 1000 mg/kg dose of L. siceraria extract
according to OECD oral toxicity guidelines 423 category IV
2001 [16]. Animals were observed individually for any change
in the skin, behavioral pattern, mortality, convulsions, leth-
argy, and coma for a period of 48-72 hrs.

2.5. Treatment and Induction of Hyperlipidemia. Thirty
Wistar albino rats were divided randomly into five groups
having 6 rats in each group. Hyperlipidemia was induced in
Wistar albino rats (group I to V) by injecting intraperitoneal
injection of Triton X-100 (100 mg/kg body weight) in saline
solution after fasting for 18h [17, 18]. Group I was admin-
istered orally with a standard pellet diet and water (negative
control group). After 72 h, group II was given a high-fat diet
(which was a mixture of a normal pellet diet and butter) daily
for 7 days consecutively (no treatment group). Group III was
given standard atorvastatin (10 mg/kg) administered orally
for 7 days regularly (positive control). Group IV and V were
administered orally with a daily dose of L. siceraria extract
(250 mg/kg and 500 mg/kg), respectively, for 7 consecutive
days after induction of hyperlipidemia. The dose stopped 12 h
before taking a blood sample. Plant extracts are generally
regarded as natural products and are often assumed to be
safer than synthetic drugs. As a result, higher doses may be
used in initial biological assays to evaluate the potential
toxicological effects or safety margins of the extract. This
allows researchers to establish a dose-response relationship
and determine the maximum tolerable dose before pro-
ceeding to further studies. It is crucial to remember that the
dosage utilized in biological assays is not always represen-
tative of the dosage used in clinical applications involving
humans. The outcomes of these assays are frequently utilized
as a starting point to direct additional research and dosage
modifications for future medicinal usage.

2.6. Biochemical Analysis and Histopathological Studies.
The rats were anesthetized using chloroform on the 8 day
of the experiment, and blood samples were collected. The
blood samples were centrifuged at 2500 rpm for 10 min. The
serum samples were collected and analyzed for the esti-
mation of TL (total lipids), TC (total cholesterol), TG (total
glycerides), HDL-C (high-density lipoprotein-cholesterol),
LDL-C (low-density lipoprotein-cholesterol), and VLDL-C
(very low-density lipoprotein-cholesterol) [19]. After the
completion of the experiment, the animals were sacrificed.
The liver and heart of all the experimental animals were
dissected out and placed in formalin to preserve them. The
body parts were washed, and slides were prepared. The slides
were stained with hematoxylin-eosin (H&E) and examined
under a light microscope.

2.7. Molecular Docking and Simulation Studies. The human
HMG-CoA reductase crystal structure (PDB ID: 1HWK)
was prepared by using the protein preparation wizard in
Maestro. Hydrogens were added, water was removed, res-
idues from side chain atoms were fixed, and charges were
added to the receptor. Unnecessary protein chains and li-
gands were eliminated, creating tautomeric states at a pH of
7.0. In protein was then optimized and minimized by ap-
plying the OPLS_2005 force field [20]. To conduct site-
specific docking, a cocrystal ligand was selected to gener-
ate a receptor grid with internal coordinate values of X, Y,
and Z as 6.04, —10.31, and —11.52, respectively. Phyto-
chemicals from the L. siceraria extract were prepared by the
LigPrep tool in Maestro and docked to the receptor using
Glide [21]. The docking poses were analyzed based on the
glide score after different ionization states were generated at
pH 7 by Epik, and stereoisomers were generated with the
OPLS_2005 force field.

The stability of the complexes was confirmed by running
a 100 ns long MD simulation using VMD and NAMD [22].
The antechamber module was used to generate the ligand
parameters, while the protein structure was processed
through the Leap program of the AmberTools21 [23] to
generate the protein coordinates and topology files. The
pdb4amber module was used to convert the protein residues
into amber format. Moreover, GAFF and ff14SB force fields
were used to optimize the structures of ligands and proteins,
respectively [24]. The optimized structures were solvated
using TIP3P water molecules [25] in a periodic box of 10 A.
Both the systems were then neutralized by adding Na* and
Cl” counter ions. The systems were minimized to remove
steric clashes for 10000 steps and then subjected to water
equilibration for another 10000 steps. Water equilibration was
further followed by temperature equilibrations at 200, 250,
and 300 K. Finally, the systems were subjected to a production
run for 100 ns at 310 K temperature and 1 atm pressure using
the NPT ensemble. The analysis of the MD trajectory was
carried out using the BIO3D package of R [26].

2.8. Statistical Analysis. All the data from the experiment
were replicated and their values were reported as mean-
+ standard error, whereas ANOVA was performed to assess
the significant difference between the groups (p <0.001)
using SPSS version 15 (SPSS Inc., Chicago, IL, USA) for
Windows.

3. Results and Discussion

3.1. GC-MS Analysis. Phytochemicals from L. siceraria extract
were identified through the GC-MS technique (Figure 1). The
different compounds were recognized by comparing the
spectral data with the information from the National Institute
of Standards and Technology (NIST) library. The compounds’
name and their percentage, retention time (RT), formula,
molecular mass, and the structure of the fruit extract are
shown in Table 1. The most important compound identified in
L. siceraria extract was stigmastan-3-ol, a phytosterol found in
a maximum amount (73.94%). Phytosterol plays a very
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TasLE 1: Phytochemicals identified in L. siceraria extract.
Sr. no. Compo(l(l)/n)d name RT (min.) Formula Mass (g/mol) Structure
()
o
1 2-Hydroxycyclopent-2-en-1-one (11.09) 5.48 CsHqO, 98.04 é/o]—[
o
|
2 3,5-Dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one (7.18) 8.74 CeHs04 144.13 HO/E"J\/OH
e}
OH
3 5-Hydroxymethylfurfural (3.47) 9.94 CeHcOs5 126.11 O, :
S
0
OH
4 4-(Hydroxymethyl)phenol (4.32) 11.75 C,HgO, 124.14
5 Stigmastan-3-ol (73.94) 23.64 Cy9H5,0 416.73

important role in controlling hyperlipidemia and acts as
a precursor for vitamin D synthesis. It has been observed from
the literature that phytosterols are important metabolites, have
great potential, and are a controlling factor against hyper-
lipidemia, fatty liver, and several heart diseases, and have
several health benefits, including antioxidant and anticancer
activities [27].

Before evaluating the hypolipidemic effect of L. siceraria
extract, an acute toxicity study was performed on experi-
mental animals. The experimental animals displayed no be-
havioral or neurological alterations in their behavior, such as
salivation, tremors, diarrhea, lacrimation, sleep, or feeding
patterns.

3.2. Effect of Extract on Serum Total Lipids Level. The results
(Figure 2(a)) revealed that the TL level in the serum of group
II (high-fat diet group) rats was quantified as 415.0 + 3.85 mg/
dl which is quite higher (p < 0.001) than the TL level in group
I (negative control group, 276.0 + 2.58 mg/dl) rats which were
given a normal diet. Triton X-100-treated rats (group III,
positive control) administered with atorvastatin (10 mg/kg,
orally for each rat daily) had a serum TL level of 182.3 +

1.92mg/dl when estimated on the 8" day. This was con-
vincingly lower (p < 0.001) than the TL level in the serum of
group II rats (415.0 + 3.85mg/dl). The Triton X-100-treated
rats were administered with extract 250 mg/kg (group IV) and
500 mg/kg (group V) orally for each rat daily. The results
(Figure 2(a)) showed that the TL level was found to be
198.6 + 2.09 mg/dl and 186.0 + 1.68 mg/dl, respectively, when
estimated on the 8" day. The TL level in the serum of group V
rats (186.0 + 1.68 mg/dl) was comparable with the TL level in
the serum of rats administered with standard hypolipidemic
drug (atorvastatin, 182.3 + 1.92 mg/dl) and significantly lower
(p<0.001) than the serum TL level found in group I rats
(negative control group, 276.0 + 2.58 mg/dl).

3.3. Effect of Extract on Serum Total Cholesterol Level. The
data from Figure 2(b) showed that the TC level in the serum
of group II (high-fat diet group) rats was quantified as
72.0 £2.08 mg/dl which is quite higher (p <0.001) than the
TC level in group I (negative control group, 65.6 + 2.40 mg/
dl) rats which were given a normal diet. Triton X-100-treated
rats (group III, positive control) administered with ator-
vastatin (10 mg/kg, orally for each rat daily) had the serum
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6. *p < 0.05, compared with the normal group and **p < 0.05, compared with the model group.

FiGURre 2: Effect of L. siceraria extract on different biological parameters of Triton X-100-induced hyperlipidemia rats. Data are expressed as

mean + standard deviation, n



TC level of 60.3 + 0.92 mg/dl when estimated on the 8 day.
This was convincingly lower (p < 0.001) than the TC level in
the serum of group II rats (72.0 +2.08 mg/dl). The Triton
X-100-treated rats were administered with extract 250 mg/
kg (group IV), and 500 mg/kg (group V) orally for each rat
daily. The results (Figure 2(b)) showed that the TC level was
found to be 76.0+1.19mg/dl and 56.8+1.68 mg/dl, re-
spectively, when estimated on the 8" day. The TC level in the
serum of group V rats (56.8 + 1.68 mg/dl) was lower than the
TC level in the serum of rats administered with standard
hypolipidemic drug (atorvastatin, 60.3+0.92mg/dl) and
significantly lower (p < 0.001) than the serum TC level found
in group I rats (negative control group, 65.6 + 2.40 mg/dl
mg/dl).

3.4. Effect of Extract on Serum Triglyceride Level. The TG level
(Figure 2(c)) in the serum of group I rats (negative group) was
quantified as 92.3 + 1.76 mg/dl which was significantly lower
(p <0.001) than the serum TG level (168.3 + 4.41 mg/dl) in rats’
group which were given a high-fat diet (group II). Triton
X-100-treated rats (group III, positive control) administered
with atorvastatin (10 mg/kg, orally for each rat daily) had
a serum TG level of 53.3 + 1.12 mg/dl when estimated on the 8™
day. This was convincingly lower (p < 0.001) than the TG level
in the serum of group Il rats (168.3 + 4.41 mg/dl). The Triton X-
100-treated rats were administered with extract 250 mg/kg
(group IV) and 500 mg/kg (group V) orally for each rat daily.
The results (Figure 2(c)) showed that the TG level was found to
be 75.6 + 1.21 mg/dl and 54.4 + 1.21 mg/dl, respectively, when
estimated on the 8™ day. The TG level in the serum of group V
rats (54.4 + 1.21 mg/dl) was comparable with the TG level in the
serum of rats administered with standard hypolipidemic drug
(atorvastatin, 53.3+1.12mg/dl) and significantly lower
(p<0.001) than the serum TG level found in group I rats
(negative control group, 92.3 + 1.76 mg/dl mg/dl).

3.5. Effect of Extract on Serum High-Density Lipoprotein-
Cholesterol. The results (Figure 2(d)) revealed that the
HDL-C level in the serum of group II (high-fat diet group)
rats was quantified as 33.0 + 1.52 mg/dl which is significantly
lower (p <0.001) than the HDL-C level in group I (negative
control group, 47.0+1.08 mg/dl) rats which were given
a normal diet. Triton X-100-treated rats (group III, positive
control) administered with atorvastatin (10 mg/kg, orally for
each rat daily) had a serum HDL-C level of 37.3 + 0.82 mg/dl
when estimated on the 8 day. This was higher than the
HDL-C level in the serum of group II rats (33.0 + 1.52 mg/
dl). The Triton X-100-treated rats were administered with
extract 250 mg/kg (group IV) and 500 mg/kg (group V)
orally for each rat daily. The results (Figure 2(d)) showed
that the HDL-C level was found to be 36.6 + 1.09 mg/dl and
42.6 + 1.45mg/dl, respectively, when estimated on the 8"
day. The HDL-C level in the serum of group IV rats
(36.6 + 1.09 mg/dl) was comparable with the HDL-C level in
the serum of rats administered with standard hypolipidemic
drug (atorvastatin, 37.3 + 0.82 mg/dl), whereas the HDL-C
level in the serum of group V rats (42.6 + 1.45 mg/dl) was
higher than the results found from the standard drug.
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3.6. Effect of Extract on Serum Low-Density Lipoprotein-
Cholesterol. The LDL-C level (Figure 2(e)) in the serum of
group I rats (negative group) was quantified as 40.1 + 1.12 mg/
dl which is significantly lower (p < 0.001) than the serum LDL-
C level (94.6+2.40mg/dl) in rats’ group which were given
a high-fat diet (group II). Triton X-100-treated rats (group III,
positive control) administered with atorvastatin (10 mg/kg,
orally each rat daily) had a serum LDL-C level of 21.0+
0.52 mg/dl when estimated on the 8™ day. This was significantly
lower (p < 0.001) than the LDL-C level in the serum of group II
rats (94.6 +2.40mg/dl). The Triton X-100-treated rats were
administered with extract 250 mg/kg (group IV), and 500 mg/
kg (group V) orally for each rat daily. The results (Figure 2(e))
showed that the LDL-C level was found to be 30.6 + 1.01 mg/dl
and 20.4 +0.21 mg/dl, respectively, when estimated on the 8™
day. The LDL-C level in the serum of group V rats (20.4 +
0.21 mg/dl) was almost equivalent to the LDL-C level in the
serum of rats administered with standard hypolipidemic drug
(atorvastatin, 21.0+0.52mg/dl) and significantly lower
(p <0.001) than the serum LDL-C level found in group I rats
(negative control group, 40.1 + 1.12 mg/dl mg/dl).

3.7. Effect of Extract on Serum Very Low-Density Lipoprotein-
Cholesterol. The VLDL-C level (Figure 2(f)) in the serum of
group I rats (negative group) was quantified as 22.3 + 0.82 mg/
dl which is significantly lower (p <0.001) than the serum
VLDL-C level (33.1 +1.40mg/dl) in rats’ group which were
given a high-fat diet (group II). Triton X-100-treated rats
(group III, positive control) administered with atorvastatin
(10 mg/kg, orally for each rat daily) had a serum VLDL-C level
of 15.3+0.76 mg/dl when estimated on the 8™ day. This was
significantly lower (p <0.001) than the VLDL-C level in the
serum of group II rats (33.1 + 1.40 mg/dl). The Triton X-100-
treated rats were administered with extract 250 mg/kg (group
IV), and 500 mg/kg (group V) orally for each rat daily. The
results (Figure 2(f)) showed that the VLDL-C level was found
to be 22.3+0.81 mg/dl and 12.4+0.45mg/dl, respectively,
when estimated on the 8" day. The VLDL-C level in the
serum of group V rats (12.4 +0.45 mg/dl) was convincingly
lower than the VLDL-C level in the serum of rats adminis-
tered with standard hypolipidemic drug (atorvastatin, 15.3 +
0.76 mg/dl) and significantly lower (p < 0.001) than the serum
VLDL-C level found in group I rats (negative control group,
22.3+0.82 mg/dl).

3.8. Histopathological Studies

3.8.1. Lipid Accumulation in the Liver. There was no lipid
accumulation seen in the liver of the rats’ group without
treatment and labeled as a normal control group. Also, no
inflammation, hydropic degeneration, necrosis, fibrosis,
malignancy, or atypia was seen (Figure 3(a)). Histological
changes in high-fat diet rats showed degeneration of hepa-
tocytes. A minimum accumulation of lymphocytes was seen
in portal tracts. Severe lipid accumulation was seen in he-
patocytes (Figure 3(b)). Histological changes in the rat’s
standard (atorvastatin)-treated group rats showed normal
hepatic architecture and low-grade lipid accumulation. Focal
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FiGure 3: Histopathological changes on liver and heart of animals induced by Triton X-100. Hematoxylin and eosin (H&E) x100.

central vein dilation was also seen. No inflammation,
hydropic degeneration, necrosis, fibrosis, malignancy, or
atypia was seen (Figure 3(c)). Histological changes in the rats
of the 250 mg/kg fruit extract group showed sparsely present
hydropic degeneration of hepatocytes. Moderate-grade lipid
accumulation is seen. No inflammation, necrosis, fibrosis,
malignancy, or atypia was seen (Figure 3(d)). Histological
changes in the rats of the 500 mg/kg extract group showed
normal hepatic architecture and central veins pattern. Low-
grade lipid accumulation was evident. No hydropic de-
generation, inflammation, necrosis, fibrosis, malignancy, or
atypia was seen (Figure 3(e)).

3.8.2. Lipid Accumulation in the Heart. Histological ex-
amination of the normal group rats showed normal myo-
cardium. There was no evidence of fatty changes. No
myocardial necrosis, fibrosis, atypia, or malignancy was seen
in the heart (Figure 3(f)). Histological examination of the
high-fat diet group rats revealed normal myocardium pat-
tern and arrangement. Severe lipid accumulation was evi-
dent. A minimal deposition between myofibroblasts was
seen. Myocardial necrosis is seen. No edema, fibrosis, atypia,
or malignancy was seen (Figure 3(g)). Histological exami-
nation of the rats of standard (atorvastatin) group rats
revealed normal myocardium. There was no myocardial
necrosis, edema, fibrosis, atypia, or malignancy seen
(Figure 3(h)). Histological examination of the rats of the
250 mg/kg fruit extract group revealed normal-looking
myocardium. There was minimum deposition between
myofibroblasts. No myocardial necrosis, edema, fibrosis,
atypia, or malignancy was seen (Figure 3(i)). Histological
examination of the rats of the 500 mg/kg extract group
revealed normal myocardium. Focal edema between myo-
fibroblasts was seen. No myocardial necrosis, fibrosis, atypia,
or malignancy was seen (Figure 3(j)).

The whole dried and finely powdered fruit of L. siceraria
was extracted using the Soxhlet extraction method with
chloroform. Phytochemicals such as 2-hydroxycyclopent-2-
en-1-one, 3, 5-dihydroxy-6-methyl-2, 3-dihydro-4H-pyran-
4-one, 5-hydroxymethylfurfural, 4-(hydroxymethyl) phenol,
and stigmastan-3-ol were identified and quantified by the
GC-MS technique. It has been known that phytochemicals
play a vital role in the major causes of atherosclerosis and
hyperlipidemia [28, 29].

Usually feeding cholesterol has been utilized to increase
serum TC levels to find out metabolic disturbances such as
hypercholesterolemia in animals. However, the serum tri-
glyceride level has not only been changed by feeding cho-
lesterol. It is thought that elevated levels of fats along with
cholesterol are necessary to increase serum TG levels sig-
nificantly in rats. In phase I, medicines that interfere with the
biosynthesis of cholesterol are active, while in phase II
medicines that interfere with metabolism and excretion of
cholesterol are active. In phase I as well as in phase II, the
rats’ group (IV and V) administered with extract showed
lowered TL. The hypolipidemic activity of the extract was
obvious in both production and excretion of Triton X-100-
induced hyperlipidemia rats.

Food that consists of saturated fats elevates HMG-CoA
reductase levels, which is the enzyme that determines the
rate of cholesterol biosynthesis, and this is because of the
availability of acetyl CoA that triggers the rate of choles-
terogenesis. Moreover, it could also be correlated with
a decreased control in LDL receptors by saturated fatty acids
and cholesterol being a part of our diet, which also could
explain the increase of the serum LDL-C levels either by
altering hepatic LDL receptor (LDLR) activity or by the rate
of LDL-C synthesis. LCAT (lecithin-cholesterol acyl-
transferase) enzyme is associated with the completion of
HDL-C, transesterification of cholesterol, and the change of
cholesterol from cell membranes to HDL [30].



In this present study, the Triton X-100-induced system
was used for the introduction of hyperlipidemia. The Triton
X-100 system is utilized as a subtle model for the in-
troduction of hyperlipidemia. Rats which were given Triton
X-100 (intraperitoneal injection) showed convincingly ele-
vated levels of TC, TG, and LDL, whereas lowered levels of
HDL-C and VLDL-C were noted as compared to total serum
lipid levels in high-fat diet control rats. The abovementioned
guidelines were convincingly inverted with the medication
of atorvastatin, which is used as a standard drug, with
lowered levels of TG, TC, VLDL, and LDL, and elevated
levels of HDL-C, respectively. Rats fed with a high-fat diet
intraperitoneally demonstrated significantly elevated levels
of TC, TG, and LDL, whereas lowered levels of HDL and
VLDL were noted as compared to total serum lipid levels in
high-fat diet control rats. The abovementioned guidelines
were convincingly inverted with the medication of ator-
vastatin (standard drug) and lowered levels of TG, TC,
VLDL, LDL, and HDL-C, respectively. The medication with
extract 250 mg/kg and 500 mg/kg also convincingly de-
creased the increased levels of TC, TG, and VLDL, re-
spectively. Triton X-100 is used as a medium (surfactant)
and lowers the activity of lipase to cut off the lipoproteins
uptake from circulation by extrahepatic tissues, thus ele-
vating lipid levels in blood [17, 31]. There was also an ele-
vation in the HDL-C levels after the treatment with extracts
(250 mg/kg and 500 mg/kg). Hyperlipidemia is a condition
that shows an abnormal elevation of lipid levels in the blood
causing an anticipated hazard for CAD (coronary artery
disease), atherosclerosis, and cerebral vascular diseases.
Atherosclerosis is usually a familiar mode of arteriosclerosis
which is marked by the deposition of cholesterol-lipid
calcium inside the arteries. The atherosclerosis plaque
builds up on the walls of coronary arteries, decreasing the
flow of blood to the heart, and causing a medical problem
known as CAD (coronary artery disease). Stigmastan-3-ol
present in the juice of L. siceraria lowers the serum cho-
lesterol and reduces depression and mortality rate from
CAD (coronary artery disease) [32-37]. Elevated plasma
cholesterol, particularly LDL and TG levels, are the primary
cause of hypercholesterolemia, which can also lead to other
illnesses such as obesity, diabetes, and cancer [38-41].
HMG-CoA reductase, the rate-limiting enzyme in the
synthesis of cholesterol, has a catalytic role in the conversion
of it to mevalonate. The inhibition of HMG-CoA reductase
successfully lowers the level of cholesterol in humans and the
majority of other animals by activating sterol regulatory
element-binding protein-2, which in turn upregulates the
HMG-CoA reductase and LDL receptor [38, 42]. Although
statins are well-known HMG-CoA reductase inhibitors,
prolonged use of these drugs results in serious side effects
including rhabdomyolysis, abrupt renal failure, and damage
to the liver and muscles. However, it is important to note
that HMG-CoA reductase activity and HMG-CoA reductase
levels are not the same thing. While reducing the activity of
the enzyme can lead to a decrease in its levels, there may be
other factors that can influence the levels of HMG-CoA
reductase in the body as well. Although the precise mech-
anism by which L. siceraria reduces serum cholesterol is
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unknown, the observation of increased excretion of bile
acids (cholic acid and deoxycholic acid, which are the end
products of cholesterol metabolism) suggests that it may act
by influencing the endogenous synthesis of cholesterol in the
liver and by increasing the excretion of cholesterol end
products [43]. Several sterols found in L. siceraria fruit
extract may help inhibit cholesterol production by inhibiting
HMG-CoA reductase. L. siceraria fruit extract had signifi-
cant HMG-CoA reductase inhibitory activity in vitro. The
study also found that the extract had relatively low cyto-
toxicity, meaning that it did not have harmful effects on cells.
Data collected from experiments show that dried powder of
L. siceraria has been used as a cardioprotective agent against
cardiotoxicity caused by doxorubicin in rats [44-46]. The
cardiotoxicity produced by doxorubicin is prevented by oral
intake of L. siceraria, and myocardial diseases are lowered by
the conservation of remote antioxidants (such as reduced
glutathione and superoxide dismutase) and peroxidation of
lipids in rats [47, 48]. Heart patients can have compelling
comfort via daily intake of fresh juice of L. siceraria.
Moreover, fresh juice lowered blood cholesterol levels, LDL,
and TG while increasing HDL. Parikh and Kumar et al.
[49, 50] worked on various solvent extracts of L. siceraria in
Triton X-100-induced rats and checked hypolipidemic ac-
tivity. Oral intake of 250 mg/kg and 500 mg/kg of L. siceraria
extract lowered TC, TG, and LDL levels, whereas it elevated
HDL levels. L. siceraria is found to have more soluble dietary
fibers (SDFs) than insoluble dietary fibers (IDFs) also known
as insoluble cellulose fibers which lower blood cholesterol
levels [51]. As L. siceraria is part of our diet and used as
a vegetable in different forms, this treatment does not need
extract. This is a bioassay-guided study, and it has been
further extended towards the isolation, purification, and
characterization of potent compounds identified in the
extract for screening against hyperlipidemia and synthe-
sizing in the lab. The results of the extract of L. siceraria are
very convincing and found effective in lowering the TL, TG,
LDL-C, and VLDL-C levels as shown in this study. Freshly
produced fruit juice of L. siceraria taken daily on an empty
stomach for 90 days can dramatically lower blood levels of
TC, TG, HDL, LDL, and VLDL, according to a prior study
conducted in human subjects with dyslipidemia and those
with normal health, validating our findings [52].

3.9. Molecular Docking and Simulation Studies. The mo-
lecular interactions and plausible binding modes of the
phytochemicals in the active site of protein were predicted
by molecular docking studies. The active site of the receptor
consists of the following residues: Glu559, Gly560, Lys735,
Ala751, His752, Asn755, Leu853, Ala856, Leu857, Gly860,
Arg590, Met655, Met657, Asn658, Ser661, Glu665, Val683,
Ser684, Asp690, Lys690, Lys692, Asp767, and Gly807. 2-
Hydroxycyclopent-2-en-1-one was involved in three hy-
drogen bonds with Ser684, Lys692, and Lys735, and one
hydrophobic interaction with Leu853. 3,5-Dihydroxy-6-
methyl-2,3-dihydro-4H-pyran-4-one made five hydrogen
bonds with Glu559, Arg590, Asp690, Lys691, Asn755, and
one pi-alkyl bond with Met657. 5-Hydroxymethylfurfural
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was also involved in five hydrogen bonds and two alkyl
bonds. It was additionally involved in pi-anion interactions.
4-(Hydroxymethyl)phenol made six hydrogen bonds and
two pi-anion bonds. Stigmastan-3-ol made two hydrogen
bonds and four pi-alkyl interactions with the cis loop and
large La6 domain. Lastly, the molecular interactions of
atorvastatin were also observed which made nine hydrogen
bonds, one pi-sulfur bond, and three hydrophobic in-
teractions with similar residues (Figure 4). The binding
modes of the docked phytochemicals were analyzed by
aligning on the cocrystal structure, and it was observed that
all the ligands occupied a similar space in the protein
binding pocket. It was observed that stigmastan-3-ol was
well fitted onto the cocrystal ligand (atorvastatin) (Figure 5).
Hence, the binding pose of the stigmastan-3-ol was selected
to perform the MD simulation to find the stability of the
protein-ligand complex.

To assess the stability of the protein-ligand complex, the
root mean square deviation (RMSD) of the protein backbone
atoms and ligand atoms was calculated and compared to the
atorvastatin complex throughout a 100ns simulation, as
shown in Figure 6. The complexes were equilibrated for the
first 10 ns of the simulation. After the equilibration period,
the RMSD of the stigmastan-3-ol complex stabilized within
the range of approximately 1.5-2 A and maintained this
stability until around 80 ns. However, after 80 ns, the RMSD
gradually increased, reaching approximately 2.25 A towards
the end of the simulation. This indicates a slight increase in
structural deviation or fluctuations of the stigmastan-3-ol
complex in the later stages of the simulation. While the
RMSD of ligand atoms increased to ~2 A at 20 ns and then
attained stability in the range of ~1-1.25 A till the end of the
simulation. In contrast, the RMSD of the atorvastatin
complex achieved stability within the range of approxi-
mately 2-2.5 A during the simulation and maintained this
stability until the end of the simulation. The atorvastatin
complex displayed a relatively higher level of structural
deviation than the stigmastan-3-ol complex. A similar trend
was observed in the RMSD of atorvastatin atoms as the
RMSD values showed deviations up to ~2.5 A till 70 ns but
then attained stability towards the end of the simulation. By
comparing the RMSD profiles of the two complexes, it can
be observed that both complexes reached a stable state
during the simulation, but with different levels of structural
deviation. The stigmastan-3-ol complex exhibited a rela-
tively lower RMSD and maintained a more stable confor-
mation within the range of approximately 1.5-2.25 A, while
the atorvastatin complex displayed a slightly higher RMSD
within the range of approximately 2-2.5 A throughout the
simulation.

To evaluate the protein compactness during the simu-
lation, the radius of gyration (Rg) was calculated. The Rg
provides information about how compact or unfolded the
protein structure is throughout the simulation period.
Higher Rg values indicate a more extended or unfolded
protein conformation, while lower or stable Rg values
suggest a compact protein structure. In Figure 7, the Rg plots
of the complexes can be observed. The Rg value of the
stigmastan-3-ol complex was approximately 27.2 A at the

beginning of the simulation. Throughout the simulation, the
Rg value did not increase significantly and remained within
the range of approximately 27.2-27.4 A. Towards the end of
the simulation, the Rg value slightly increased to approxi-
mately 27.5 A. The deviation in the Rg value was only 0.2 A,
indicating that the protein maintained its compactness
during the simulation and did not undergo any significant
unfolding events. Similarly, the Rg value of the atorvastatin
complex remained within the range of approximately
27.2-27.4 A throughout the entire simulation, indicating
a stable and compact protein structure. Based on the Rg
analysis, both complexes exhibited stable and compact
protein conformations throughout the simulation period.
The small deviations in the Rg values suggest that there were
no major unfolding events or significant changes in the
protein compactness during the simulation.

The flexibility of amino acid residues during the simu-
lation was analyzed by calculating the root mean square
fluctuation (RMSF). The RMSF values provide insights into
the dynamic behavior of individual residues, with higher
values indicating greater flexibility compared to more rigid
regions such as alpha helices and beta sheets. Figure 8 depicts
the RMSF plot of the complex. Most of the residues dis-
played RMSF values below 1.5 A, indicating relatively low
flexibility. However, residues 400 to 410 in the stigmastan-3-
ol complex exhibited an RMSF value of approximately 4 A,
while the corresponding residues in the atorvastatin com-
plex showed slightly lower RMSF values of around 3.5 A.
These higher RMSF values suggest the presence of loop
regions in the protein structure, which tend to be more
flexible and exhibit greater conformational variability.
Overall, the protein structure remained relatively rigid
during the simulation, as indicated by the low RMSF values
for most residues. This suggests the stability of the protein-
ligand complex throughout the simulation period.

To analyze the dynamic behavior of the protein, prin-
cipal component analysis (PCA) was conducted, which helps
identify collective motions in MD trajectories. The PCA
plots of the complexes are presented in Figure 9. The
proportion of variance, represented by eigenvalues, was
plotted against the number of principal components (PCs)
to capture the major fluctuations. In this case, only three PCs
were plotted as they accounted for significant variance. In
the stigmastan-3-ol complex, PC1 exhibited the highest
variation, accounting for 19.13% of the total variance. On the
other hand, PCI in the atorvastatin complex accounted for
13.04% of the variance. The PCA analysis indicated con-
formational changes across all clusters within the PC sub-
space. The color-coded representation in the plots showed
the degree of movement, with blue regions indicating the
greatest degree of movement, white regions representing
intermediate levels of flexibility, and red regions indicating
the least significant movement. In addition, the correlation
among protein residues was investigated through a cross-
correlation matrix, as shown in Figure 10. The matrix
depicted the correlation between residues during the sim-
ulation. Cyan color represented positively correlated resi-
dues, while magenta color represented anticorrelated
residues. It was observed that most residues exhibited
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FIGURE 4: The types of molecular interactions formed by ligands with HMG-CoA reductase binding site. Green lines show hydrogen
bonding, orange lines show pi-anion bonds, while magenta shows the pi-alkyl bonds.
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F1GURE 5: The plausible binding modes of the phytochemicals superimposed on the cocrystal ligand. Green sticks (stigmastan-3-ol) aligned
well on the cocrystal ligand (atorvastatin), indicating the importance of binding mode.

a positive correlation, indicating that they moved in a co-  diagonal lines in the matrix indicated the positive correlation
ordinated manner. The anticorrelated residues were ob-  among topologically proximate residues. This analysis
served to be relatively short and less pronounced. The  suggested that the protein residues displayed a high
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F1GURE 8: The RMSF plots of the complexes to analyze the residues’
flexibility during simulation.

correlation with each other during the simulation, indicating
coordinated motions and a coupled dynamic behavior
within the protein structure.

3.10. Molecular Mechanics/Poisson-Boltzmann Surface Area.
The molecular mechanics Poisson-Boltzmann surface area
(MM/PBSA) method was used to calculate the total binding
free energy (AGioy) for both complexes. AGyy, value is
usually used to estimate the stability of the protein-ligand
complex. The lower values of AGy, indicate that the
complex is more stable and vice versa. It was computed as
a sum of the protein-ligand complex and the difference of
protein and its ligands’ free energies. The total binding free
energy estimated using the MM/PBSA model is the outcome
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TaBLE 2: The binding free energies of the complexes calculated by implying the MM/PBSA module.

Energy components (kcal/mol) Stigmastan-3-ol Atorvastatin
AE 4 —41.35£0.14 ~43.62£0.15
AE,, ~3.47+0.08 ~4.51+0.09
AG npol ~30.28+0.15 ~27.6940.12
AGpys 44.31£0.06 48.77 £0.09
AEpg 21.2410.08 19.45£0.10
AGy, —44.82+0.17 —43.57+0.16
AG,, 4528 +0.09 44.67+0.10
Grot ~9.09+0.15 ~6.50 4017
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of the contribution of various protein-ligand interactions
such as van der Waals energy (AE,qw), electrostatic energy
(AEg.), and AEpg (electrostatic contribution to the solvation
free energy by Poisson-Boltzmann surface area). The total
binding free energies are given in Table 2. The AE,qw
contribution of the atorvastatin complex was more than the
stigmastan-3-ol complex, and a similar trend was observed
in terms of electrostatic contributions. However, it is im-
portant to note that the total binding free energy of the
stigmastan-3-ol complex was —9.09, indicating a more fa-
vorable and stable complex, while the total binding free
energy of the atorvastatin complex was —6.5, as depicted in
Figure 11. This suggests that, based on the MM/PBSA cal-
culations, the stigmastan-3-ol complex exhibits higher sta-
bility than the atorvastatin complex.

4. Conclusion

The Soxhlet extraction process using chloroform followed by
GC-MS analysis was performed to identify and quantify the
compounds found in L. siceraria. In vivo, the hypolipidemic
activity was performed on Triton X-100-induced hyperlip-
idemia Wistar rats. The data collected from the study showed
that L. siceraria extract can be a potential source of anti-
hyperlipidemic drugs. The TL, TG, and LDL-C levels in the
serum of group V rats (500 mg/kg, extract) were comparable
to the serum of rats administered with a standard hypo-
lipidemic drug (atorvastatin). The TC and VLDL-C levels in
the serum of group V rats (500 mg/kg, extract) were con-
vincingly lower than in the serum of rats administered with
a standard hypolipidemic drug (atorvastatin). The HDL-C
level in the serum of group IV rats (250 mg/kg, extract) was
comparable with the HDL-C level in the serum of rats
administered with standard hypolipidemic drug (atorvas-
tatin), whereas the HDL-C level in the serum of group V rats
(500 mg/kg, extract) was higher than the results found from
the standard drug. Histological examination of the rats
treated with extracts revealed normal-looking myocardium.
This mechanism has a clear indication of lowering tri-
glyceride and cholesterol synthesis. Also, it is observed from

histopathological studies of rats’ liver and heart that there is
a significant decrease in cholesterol, LDL, and VLDL levels
and a significant increase in HDL levels. Molecular docking
studies confirmed that stigmastan-3-ol binds in a similar
mode as atorvastatin to HMG-CoA reductase, thus blocking
the protein sites for natural substrates. The MD simulation
revealed that it formed a stable complex with protein and did
not induce any structural changes that can lead to unfolding
events in protein structure. Overall, while there is some
evidence to suggest that L. siceraria may have a positive effect
on serum cholesterol levels, more research is needed to
confirm these findings and determine the optimal dosage
and duration of treatment. Furthermore, this study pro-
posed that L. siceraria extract in powder form might be
introduced as a suitable additive in syrups or foods with
hypolipidemic capacity after a medically proven prescribed
dose of the extract.
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