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Abstract

Several previous research indicate that treating Mesembryanthemum crystallinum
may aid in reducing adipogenesis and triacylglycerol level and improving
hyperglycemia and diabetes. Therefore, the present study was designed to eval-
uate the effectiveness of M. crystallinum extract (MCE) in combating obesity and
lowering fat/lipid/cholesterol levels. The study aimed to investigate the molecular
docking model targeting 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
using MCE-derived D-pinitol or atorvastatin, an inhibitor of HMGCR. In this
study, histological alterations in the liver of tyloxapol-induced hyperlipidemia
(TIH) model, hyperlipidemia-related markers in serum, HMGCR activity, and
cell viability in HepG?2 cells were analyzed. Our findings revealed that tyloxapol
treatment significantly led to increased hyperlipidemia-related indicators and
cardiovascular-associated risk indices. However, MCE effectively mitigated
tyloxapol-induced hepatic fat accumulation and an increase in cholesterol levels.
This was achieved through improvements in metabolic parameters, ultimately
ameliorating TIH. These beneficial results suggest that MCE may be a strong
potential for the treatment of hyperlipidemia-related diseases.
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widely acknowledged (Palabiyik et al., 2023). Fenofibrate,
used to treat hyperlipidemia (Canzler & Bojanovski, 1980),

Elevated cholesterol levels are linked to numerous diseases,
particularly coronary heart disease, encompassing condi-
tions such as ischemic stroke, atherosclerosis, hypertension,
diabetes, myocardial infarction, and coronary artery dis-
ease. Unregulated cholesterol consumption plays a pivotal
role in foam cell formation and atherogenesis. Increased
levels of low-density lipoprotein (LDL) heighten an in-
dividual's susceptibility to atherosclerosis and its complica-
tions, correlating with cardiovascular risk in human
populations (Saxena & Chandra, 2020). The correlation
between a high concentration of high-density lipoprotein
(HDL) cholesterol or a low concentration of LDL and a
reduced risk of atherosclerotic cardiovascular disease is

is known to reduce lipoprotein levels in ob/ob mice (Zhang
et al., 2022) or hyperlipidemic mice (Olivier et al., 1988), and
in addition, numerous studies have explored methods
including intracellular triglyceride/cholesterol lowering (Lee
et al, 2019), fat accumulation reducing effect (Choi
et al, 2020; Mo), reducing blood triglyceride (TG)
(Mozaftarian et al., 2022), modulating metabolic enzymes
activity (Palabiyik et al., 2023; Sulumer et al., 2024) using
natural or food materials, and lipid-reducing antioxidant
compounds (Ramos et al., 2021) to decrease LDL levels and
elevate HDL concentrations. Fat accumulation in the liver
promotes the synthesis of neutral fat, which in turn triggers
the secretion of very LDL, contributing to insulin resistance
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in the liver. Furthermore, obesity and related metabolic
disease resulting from fat buildup elevate the risk of
developing conditions such as hyperlipidemia, high blood
pressure, coronary cardiovascular disease, arthritis,
gallbladder disease, and specific cancers (Palabiyik
et al., 2023). As one of the most abundant free fatty acids in
a high-lipid diet, palmitic acid exposure results in intra-
cellular lipid accumulation in hepatocytes by activating ste-
rol regulatory element-binding protein (SREBP) and 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (Lu
et al., 2019). The enzyme HMGCR, which initiates choles-
terol biosynthesis from acetate, serves as a therapeutic target
for hyperlipidemia (Kim et al., 2023). Upon cholesterol
transportation from the intestine to the liver, inhibition
of HMGCR, the enzyme responsible for converting
HMG-CoA to mevalonate in cholesterol synthesis, results in
decreased production of endogenous cholesterol by the liver
(Han et al., 2014). Various inhibitors of HMGCR, such as
statin, atorvastatin, simvastatin, and pitavastatin have been
developed for the treatment of hyperlipidemia (Guan
et al., 2008; Han et al.,, 2014; Hu et al., 2021; Kumai
et al., 2004).

Ice plant, scientifically known as Mesembryanthemum
crystallinum, belongs to the Aizoaceae family and its mon-
iker “ice plant” stems from the striking resemblance of its
stems and leaves to ice crystals. Utilized in traditional
medicine and high-functional food, its leaves and stems are
employed in treating liver and kidney ailments and the plant
contains polyol, which confers antioxidant properties
(Agarie et al., 2009; Ibtissem et al., 2012). Recognized in
Japan and Europe for its efficacy in preventing adult-onset
diseases, lung inflammation, and painful urination, it is es-
teemed as a highly functional botanical resource (Foster &
Hobbs, 2002; Kang et al., 2016). Ice plant bladder cells,
resembling ice crystals on the stems and leaves, harbor
beneficial components for human health, including various
minerals, beta-carotene, and inositol. The M. crystallinum
extract (MCE) is a valuable source of p-pinitol, known to
regulate blood sugar levels, recognized for its ability to
inhibit triglyceride level (Drira et al., 2016), and its potential
antidiabetic properties (Zhang et al., 2019) and regarded as
the contributor behind the ice plant's anti-hyperlipidemic
properties. Therefore, the present study was designed to
analyze the p-pinitol content of the ice plant M. crystal-
linum, to evaluate the anti-hyperlipidemic effects or
inhibitory effect against HMGCR of MCE and its derived
D-pinitol, and to compare the efficacy of MCE and fe-
nofbrate in tyloxapol-induced hyperlipedemic mice model.

2 | MATERIALS AND METHODS

2.1 | Materials

Triton WR-1339, p-pinitol, Trizma base, fenofibrate,
dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic
acid (EDTA), and Oil-Red O were purchased from

Sigma-Aldrich. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS), streptomycin, and
penicillin were purchased from Invitrogen. Other re-
agents were commercially available and of special grade.

2.2 | Extraction

Fresh M. crystallinum was obtained from the Nadeulmok
farm in Yangnam-myeon, Gyeongju-si, Gyeongsangbuk-
do, Republic of Korea in July 2023. The authenticity of
the samples was confirmed by Professor Myung-Kon Kim
from the Department of Food Science and Technology at
Jeonbuk National University. According to the previously
described method with a slight modification (Choi, Kim,
Park, et al., 2023), the samples were washed with distilled
water and then subjected to freeze-drying for 3 days. After
that, the samples were ground into a powder using a
household grinder and stored in airtight plastic bags in a
freezer at —20°C. To prepare the MCE, 10g of frozen
powder was mixed with 30 mL of 100% ethanol aqueous
solution and ultrasonicated at room temperature for
20 min. The mixture was then centrifuged at 4500 rpm for
10 min, and the resulting supernatant was collected. This
process was repeated twice, and the collected supernatants
were concentrated and vacuum evaporated at 40°C. The
resulting concentrated sample was dissolved in 30 mL of
50% ethanol, which was then shaken and ultrasonicated at
room temperature for 20 min, and then centrifuged at
4000 rpm and 4°C. Finally, the concentrated sample was
dissolved in 2 mL of ethanol, filtered using a microsyringe
filter with a pore size of 0.45 um, and used for high per-
formance liquid chromatography (HPLC) analysis.

2.3 | HPLC analysis

HPLC analysis was performed using an HPLC system
(Waters) equipped with a 2690 separation module and
Waters RI with a NH2P-50 column (4.6 mm id X 250 mm,
Shodex). For analysis of p-pinitol, the mobile phase com-
prised 25% water (solvent A) and 75% acetonitrile (solvent
B) for 20 min at a flow rate of 1.0 mL/min. The injection
volume was 10 pL. and the oven temperature was set at 60°C.
The quantification of D-pinitol was based on peak areas. The
compound standard of D-pinitol was used for calibration
curves. The standard solutions (175, 350, 700, 1400, and
2800 pug/mL) were prepared in 50% ethanol. The D-pinitol
compound from MCE was identified based on the retention
time of the standard and quantified by comparing the peak
area intensity with the standard curve.

2.4 | Cell culture

HepG?2 cells sourced from the Korean Cell Line Bank
were utilized in the study as previously described (Choi
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et al., 2020). DMEM added with 1% streptomycin-
penicillin and 10% FBS was employed for cell culture,
maintained at 37°C with 5% CO,. Upon reaching
approximately 80% confluency, HepG2 cells were sub-
cultured and subjected to serum-free DMEM for 24 h
before treatment with 50, 100, 300, 500, 700, 900, and
1000 uM palmitic acid and MCE for another 24 h. The
control group received treatment involving the addition
of 5% bovine serum albumin to the medium.

2.5 | Preparation of palmitic acid solution
The preparation of the palmitic acid solution followed a
modification of the method outlined by Cousin et al.
(2001). Initially, a 100 mM palmitic acid stock solution
was created by heating in a 0.1 mM NaOH solution at
70°C. Subsequently, a 10 mM FFA/1% BSA solution was
generated by combining the palmitic acid stock solution
with a 10% (w/v) FFA-free BSA solution held at 55°C in
ddH,0, and allowed to react for 30 min. Afterward, the
resultant solution was cooled to 25°C, filtered, stored at
—20°C, and utilized in the experiment.

2.6 | Cell viability assay

HepG?2 cells were seeded in a plate with 96-well at a
density of 4 x 10* cells per well, then subjected to treat-
ment with palmitic acid and MCE, and cultured for 24 h
as previously described (Choi & Kim, 2018). Following
the incubation period, the medium was aspirated, and
10uL of a 5Smg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) solution was trea-
ted, allowing for a 4-h reaction. Upon completion of the
reaction, the resultant formazan crystals in each well
were dissolved using 100 uL. of DMSO, and the absorb-
ance was assessed at 540 nm using an ELISA reader.

2.7 | HMGCR activity analysis

Since palmitic acid, is one of the most abundant free fatty
acids in the high lipid diet, exposure leads to intracellular
lipid accumulation in hepatocytes by activating SREBP
and HMGCR (Lu et al., 2019), its effect on HMGCR
activation and inhibitory effect of MCE were examined.
HepG?2 cells were treated with MCE or atorvastatin, and
palmitic acid in a six-well plate for 16 h. After treatment,
the cell medium was removed and washed with phos-
phate buffered saline (PBS, Welgene). The washed cells
were lysed using lysis buffer (150 mM NaCl, 0.1% SDS,
1% sodium deoxycholate, 2mM EDTA, 1% Triton X-
100, 10 mM phosphate buffer pH 7.4), centrifuged at
12,000 rpm for 10 min, and the supernatant was sepa-
rated and used for HMGCR activity analysis. HMGCR
activity was confirmed by performing the analysis

according to the analysis method provided by the
manufacturer using the HMGCR activity assay kit
(Sigma-Aldrich) (Lee et al., 2019).

2.8 | Molecular docking

Molecular docking analysis utilized Human HMGCR
(PDB code: IHWK), along with p-pinitol (PubChem CID:
164619), and atorvastatin (PubChem CID: 60823). Auto-
Dock4 (Morris et al., 2009) and PyMol (Schrodinger, 2010)
facilitated the analysis process as previously described
(Choi, Park, et al., 2023). AutoDock Vina software was
employed to predict the binding energy scores between the
experimental ligands (D-pinitol, and atorvastatin) acting as
inhibitors and the protein HMGCR. AutoDock Vina,
designed specifically for protein-ligand docking, is a
molecular modeling and simulation software (Choi, Park,
et al., 2023). For molecular binding analysis, grid maps
encompassing all residues were generated, with the number
of evaluations set at 2,500,000 and the number of runs at 10.
The docking outcomes were computed using the
Lamarckian Genetic Algorithm and visualized through
AutoDockTools 1.5.6 and PyMol 3.0.0. AutoDockTools
molecular graphics software facilitated modeling the com-
plex structure of experimental ligands (p-pinitol, or ator-
vastatin) and HMGCR proteins via molecular docking
across all amino acid residues within specific distances (A).
Utilizing Discovery Studio Visualizer 2021 software (Ac-
celrys Software Inc.), images depicting enzyme binding
pockets and binding profiles with ligands were generated.

2.9 | Toxicity predictions

To search the toxicity of MCE-derived compound, the
ProTox 3.0 tool was used, which computes the prediction
for acute toxicity, binding to 16 toxicity targets, and
LDs, values (Banerjee et al., 2024).

2.10 | Animals

For the experiment on hyperlipidemic mice model, male
imprinting control region (ICR) mice aged 10 weeks and
weighing between 30 and 40 g were utilized. These mice
were housed in cages accommodating three animals each
and were maintained under controlled environmental
conditions, with a 12-h light or dark cycle and a tem-
perature range of 22+ 2°C. The mice had unrestricted
access to either standard feed (LabDiet 5L79; ORIENT
BIO Inc.), as well as tap water ad libitum. The compo-
sitions of the administered diets are presented in Table 1.
To alleviate animal distress and minimize the usage of
animals, all experimental protocols adhered to the
guidelines outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
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Composition of the experimental diets.

TABLE 1

Composition zlov:ltrol Model Fenofibrate MCES00 MCE1000
Nitrogen-free extract 59.5 37.5 37.5 37.5 37.5
Fat 4.5 34.9 34.9 34.9 34.9
Protein 20.1 23.6 23.6 23.6 23.6
Fiber 4.6
Ash 5.8
Mineral mixture 3.5 3 3 3 3
Vitamin mixture 1 1 1 1 1
Fenofibrate 0.16
MCE 0.4

0.8
Protein calories 21.0 18.1 18.1 18.1 18.1
Fat calories 13.7 61.6 61.6 61.6 61.6
Carbohydrates calories 65.3 20.3 20.3 20.3 20.3
Energy (kcal/g) 4.04 4.65 4.65 4.65 4.65

Note: The diets composition according to LabDiet 5L79 and TestDiet 58Y1. Fenofibrate, 200 mg/kg/day fenofibrate-administrated model group; MCE500-1000, 500, and

1000 mg/kg/day Mesembryanthemum crystallinum extract-administrated model group.

(NIH publication no. 80-23, revised 1996) and the
relevant ethical regulations of Gwangju University.
Furthermore, these experiments were approved by the
Institutional Animal Care and Use Committee of

Chosun University (CIACUC2023-S0032).

2.11 | In vivo hyperlipidemia mice model and
treatment groups

The effect of MCE was investigated in hyperlipidemia
mice. Tyloxapol (Triton WR-1339) was injected intra-
peritoneally in a dose of 300 mg/kg for hyperlipidemia
model with elevation of triglycerides and cholesterols
(Palabiyik et al., 2023), and MCE (1000 mg/kg/day),
and fenofibrate (200 mg/kg/day) were orally treated
for 50 days. The mice were divided into five groups,
each consisting of six mice. Group 1 consisted of nor-
mal mice treated with saline as a vehicle and fed a
standard diet (Control group). Group 2 comprised the
hyperlipidemia mice model by intraperitoneal injection
of tyloxapol and treated with saline as a vehicle
tyloxapol-induced hyperlipidemia (TIH) (TIH group).
Groups 3-5 included the TIH mice model treated with
500 mg/kg MCE (TIH+MCES00 group), 1000 mg/kg
MCE (TIH+MCE1000 group), and 200 mg/kg fenofi-
brate (TIH+Fenofibrate group), respectively. Through-
out the experiment, body weights and food intake were
monitored, and the percentage reduction in body
weight (BW) was calculated as 100 — (final BW — initial

BW)/100. The feed efficiency ratio was determined by
dividing the body weight gain (final BW — initial BW)
by the mass of feed intake (total feed — remaining feed).
Upon completion of the study, following a 12-h fasting
period, animals from each group were anesthetized
with light ether and euthanized. Various tissues,
including fat, liver, kidney, and spleen samples were
collected, along with blood, for biochemical and tissue
analyses. Serum was extracted from 2mL of whole
blood collected in test tubes, which was subsequently
centrifuged for 15 min at 3500 rpm. The serum samples
were then stored at —70°C for further experimentation.
Protein levels were quantified using the bicinchoninic
acid (BCA) assay, with bovine serum albumin serving
as the standard.

2.12 | Tissue analysis and histology

Following an overnight fasting period, tissues including
liver, kidney, spleen, and epididymal fats were collected,
weighed, and subsequently stored at —70°C as previously
described (Choi et al., 2020). Additionally, the liver un-
derwent perfusion with 10% formalin and was fixed for
24h in 10% formalin before analysis. Histological
assessment of fat accumulation in the frozen tissue was
conducted using Oil Red O staining, with color intensity
evaluated using ImageJ and expressed as a percentage
(Choi et al., 2020). Liver samples were examined using a
VENTANA DP600 slide scanner (Roche Diagnostics).
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The frozen tissue was processed using a cryostat, fixed,
and then stained with Oil Red O.

2.13 | Biochemical analysis

The serum concentrations of adiponectin and insulin
were determined using ELISA assays (Sigma-Aldrich).
The value of homeostasis model assessment of insulin
resistance (HOMA-IR) was expressed as (fasting serum
insulin X fasting serum glucose)/22.5 (Choi, Kim, Park,
et al., 2023). Furthermore, the concentrations of various
biomarkers in serum, such as total protein (TP), glu-
cose, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), HDL cholesterol, glucose,
total cholesterol (TC), and triacylglycerol (TG) were
analyzed using a Vitros 250 chemistry system from
Ortho Clinical Diagnostics (Ortho Clinical Diag-
nostics). The levels of LDL and very LDL (VLDL) were
calculated using  Friedewald's formula (Kim
et al., 2021), where LDL =TC - (HDL —TG/5) and
VLDL =TG/5. Additionally, the atherogenic index
(AI), cardiac risk ratio (CRR), atherogenic coefficient
(AC), and coronary artery index (CAI) were evaluated
using the equations established by Ikewuchi & Tkewuchi
(Ikewuchi & Ikewuchi, 2009).

2.14 | Statistical analysis

The statistics of this study were conducted using the
previous method (Choi et al.,, 2020; Choi, Park,
et al., 2023), employing SPSS 21 (SPSS Inc.). The data
obtained and examined from the present study were ex-
pressed as mean * standard deviation (SD). To assess the
statistical significance of comparisons between multiple
groups, we performed a post hoc Tukey's test by utilizing
one-way analysis of variance. Statistical significance was
expressed as p values less than 0.05.

3 | RESULTS
3.1 | Effect of MCE and palmitic acid on cell
viability in HepG2 cells

The effect of MCE on cell viability was assessed using the
MTT assay on the HepG2 cell line. Various concentrations
of MCE ranging from 50, 100, 300, 500, 700, 1000, 1500,
and 2000 pg/mL were applied to the cell line, along with
palmitic acid concentrations ranging from 50, 100, 300, 500,
700, 900, and 1000uM, for a duration of 24h. While
treatment with MCE at concentrations up to 2000 pg/mL
did not influence cell viability (Figure 1A), exposure to
palmitic acid resulted in a significant decrease in cell viability
at concentrations between 500 (p < 0.05), 700 (p <0.01), 900
(p <0.01), 1000 uM (p <0.01) (Figure 1B).

3.2 | Effect of MCE on HMGCR activity in
HepG2 cells

Following the evaluation of intracellular HMGCR
activity, it was noted that treatment with MCE at con-
centrations of 50-300 ug/mL led to significant inhibition
(»<0.01) in a dose-dependent pattern of HMGCR
activity (Figure 1C) compared to the group treated solely
with palmitic acid. Additionally, a significant decrease
(» <0.01) of HMGCR activity was observed with ator-
vastatin treatment at concentrations of 100 uM com-
pared to the group treated solely with palmitic acid.

3.3 | MCE contains p-pinitol compound

We found that MCE contains p-pinitol compound, and
the concentrations detected in MCE were 12.01 mg/g at
the peak compared to standard (Supporting Information
S1: Figure S1), and further investigated in silico molec-
ular docking property of MCE-derived D-pinitol on
HMGCR, a therapeutic target for hyperlipidemia.

3.4 | Insilico molecular docking on HMGCR
The molecular docking models of the ligands and en-
zymes are presented using Discovery Studio Visualizer
software. Figure 1D,F displays the binding pockets of all
ligands. D-pinitol interacts with 9 amino acids located in
the cytosolic domain (residues 460-888) in which the
active site of HMGCR, among which the amino acids
of ALA753, ALA754, ASN755, ILE756, VAL757,
THR758, TYR761, ASN771, and SER775, ASN755 and
ILE756 form van der Waals interactions, a conventional
hydrogen bond with ALA753, ALA754, THR758,
ASN771, and SER775, unfavorable steric bumps inter-
actions with ALA753, ALA754, ASN755, VAL757,
THR758, ASN771, and SER775, and Pi-Cation of elec-
trostatic interaction bonds with TYR761 by in Figure 1E
and Table 2. Atorvastatin interacted with ALA754,
ILE756, ALA769, and GLY773 by forming van der
Waals, ALA753, THR758, ALA768, ASN771, and
SER775 by conventional hydrogen bond, ALA768 by
carbon hydrogen bond, VAL757, THR758, ALA768,
ALA769, ASN771, and VAL772 by forming unfavorable
steric bumps, ALA769, GLN770, and ASN771 by hal-
ogen (fluorine) of unfavorable interaction, and ILE762
by Alkyl of hydrophobic interaction in Figure 1F and
Table 2. These docking results indicate that MCE-
derived D-pinitol binds to the cytosolic domain as an
active site of HMGCR, and several amino acids includ-
ing ALA753, ALA754, ILE756, VAL757, THR758,
ASN771, and SER775 matched the binding site of
atorvastatin.

In the binding modes (n = 10) analyzed by Autodock
Vina for HMGCR, MCE-derived D-pinitol exhibited the
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(A, B). #p <0.01, compared with Control group, **p <0.01, compared with palmitic acid only-treated group (C). ATO, atorvastatin.

average binding affinities were —8.53 kcal/mol (p-pinitol),
and —8.21 kcal/mol (atorvastatin). The maximum binding
affinities of —8.8 kcal/mol, and —8.9 kcal/mol in the same
order, as shown in Table 3.

3.5 | Evaluation of toxicity predictions using
the ProTox 3.0

We performed in silico analysis of the toxicity of the
compounds of D-pinitol and atorvastatin, and Support-
ing Information S1: Table S1 displays the ProToxII
findings. The LDs, of D-pinitol was estimated to be
804 mg/kg, and the LDsy was a predictive toxicity class of
4 (Supporting Information S1: Figure S2). We find some
cases of toxicity, including nephrontoxicity, cardiotoxi-
city, and toxicity end points by BBB-barrier for p-pinitol
(Supporting Information S1: Figures S3 and S4), whereas
there was no toxicity on the skin in Pred-Skin outcome

(Supporting Information SI: Figure S5). The result of
toxicity prediction for atorvastatin shows it has a high
probability of toxicity in 8 subjects and skin toxicity
(Supporting Information S1: Figures S6-S9).

3.6 | Effect of MCE on body weight gain
and feed efficiency in TIH mice model

Mice were injected with tyloxapol to induce a temporary
hyperlipidemia of TIH model compared with MCE-
administrated TIH group or nontreated control group
fed a standard diet for 50 days. There were no significant
differences on average body weight (Figure 2A), feed
intake (Figure 2B), or BW increase rate (Figure 2C)
among the MCES500, MCE1000, and Fenofibrate groups
compared to the model group, excepting the result of
feed efficiency rate in the model or Fenofibrate groups
(Figure 2D).
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TABLE 2 Molecular interaction of HMG-CoA reductase with MCE-derived p-pinitol and atorvastatin.

Ligand Van der Waals Hydrogen bond Unfavorable Electrostatic Hydrophobic
D-pinitol ASN755, ILE756* Conventional: ALA753,* Steric bumps: ALA753,* Pi-Cation:
ALA754,* THR758,* ALA754,* VAL757,* TYR761
ASN771,* SER775* THR758,* ASN771,*
SER775%
Atorvastatin ALA754, ILE756, Conventional: ALA753, Steric bumps: VAL757, - Alkyl: ILE762

ALA769, GLY773 THR758, ALA768, ASN771,
SER775

Carbon hydrogen: ALA768

THR758, ALA768, ALA769,
ASN771, VAL772
Halogen (Fluorine): ALA769,
GLN770, ASN771

*Residues matching the binding site of atorvastatin. (-) interaction, not detected.

TABLE 3 Docking energy for the molecular binding of MCE-
derived D-pinitol and atorvastatin on HMG-CoA reductase.

Lowest binding Average docking

Ligand energy (kcal/mol) energy (kcal/mol)
D-pinitol -8.8 -8.53 (n=10)
Atorvastatin -8.9 -8.21 (n=10)

Note: Docking energy was analyzed by Autodock Vina. n =numbers of binding
modes.

3.7 | Effect of MCE on the weight of tissues
in TIH mice model

Table 4 presents the assessment of MCE and fenofibrate
effects on the weight of different tissues from TIH model.
The average weight of the liver was increased, whereas
kidney and spleen weights were decreased on average in
the model group compared to the control group. How-
ever, there were no significant alterations in their weight.
MCE administration resulted in reduced liver weight
gain, while the MCE-administered groups exhibited no
significant change compared to the model group.

3.8 | Effect of MCE on hepatic and
epididymal fats in TIH mice model

The weight of epididymal fat was lower on average in the
model group compared to the control group, whereas
there were no significant alterations in MCE-
administered groups compared to the model group
(Table 4). Additionally, we conducted a study to inves-
tigate the effect of MCE or fenofibrate administration on
liver fat accumulation. Our analysis specifically examined
hepatic fat density across different groups. As shown in
Figure 3A,B, the injection of tyloxapol led to an increase
(165%) in hepatic fat accumulation compared to the
control group (100%). However, administration of MCE
(Figure 3D.E) or fenofibrate (Figure 3C) resulted in a
significant reduction (128% and 111%, or 134%) in fat
accumulation and density by 57%-83% or 48%, com-
pared to the model group (Figure 3F).

3.9 | Effect of MCE on serum biochemical
parameters

Tyloxapol-induced hyperlipidemia is known to have
close associations with adipokines, lipids, atherogenesis,
cardiac risk, and insulin. Table 5 displays the serum
levels of key biochemical parameters, encompassing
proteins, glucose, insulin, lipids, adiponectin, and various
indices. In comparison to the Control group, the TTH
model group mice injected with tyloxapol resulted in
elevated the levels of TC, TG, LDL, VLDL, AST, ALT,
and atherogenic or cardiovascular-related parameters,
except for adiponectin, which exhibited a significant
decrease, and significant differences were not observed in
TP, glucose, insulin, and insulin resistance values. MCE
administration decreased the values of lipid metabolic
parameters such as TC, TG, LDL, VLDL, ALT, and
AST, while elevating the mean value of adiponectin and
HDL. The Fenofibrate group exhibited significant
reductions in insulin resistance, TC, TG, LDL, and
VLDL levels, and a significant decrease in AST and
ALT. The AI, AC, CRR, and CAI values were increased
following tyloxapol injection compared to the Control
group, as illustrated in Table 5. The increased values of
Al, AC, CRR, and CAI were notably reduced in the
MCE and Fenofibrate groups compared to the Model

group.

4 | DISCUSSION

Dyslipidemia is closely linked to the levels of LDL and
HDL and is known to contribute to several cardiovascular
conditions, including arteriosclerosis, cardiovascular dis-
ease, and obesity. LDL is responsible for transporting
cholesterol from the liver to peripheral tissues and cells
(Choi et al., 2020; Choi, Kim, Park, et al., 2023). When
oxidized, it is absorbed by scavenger receptors on macro-
phages, leading to the formation of foam cells. These foam
cells contribute to the development of atherosclerotic pla-
ques, thereby elevating the risk of cardiovascular disease
(Stewart et al., 2020). The liver is crucial for maintaining
cholesterol balance in our body. Cholesterol absorbed
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FIGURE 2 Effect of Mesembryanthemum crystallinum extract (MCE) on body weight (A), dietary amount (B), increase rate of BW (C), and diet
efficiency rate (D) of TIH model. Each value is the mean + SD (n = 6). #p <0.01, compared with Control group, *p < 0.01, compared with tyloxapol-
induced hyperlipidemia (TIH) model group. Control, nontreated normal group; Model, TIH mice model group; Fenofibrate, 200 mg/kg fenofibrate-
administrated TIH group, MCES500-1000, 500-1000 mg/kg MCE-administrated TIH group.

TABLE 4 Effect of MCE and fenofibrate on several tissues, and epididymal fat weights in tyloxapol-induced hyperlipedemic mice model.

Parameters Control Model Fenofibrate MCES00 MCE1000
Liver (g) 24310.12 2.57+0.18 241+0.24 2.50£0.17 2.18£0.07
Kidney (g) 0.89+0.05 0.83+0.03 0.83+0.03 0.81£0.06 0.84 £0.04
Spleen (g) 0.12£0.01 0.11£0.01 0.12£0.02 0.12£0.02 0.12£0.01
Epididymal fat (g) 1.23£0.10 0.99£0.13 1.04£0.20 1.05£0.21 0.83£0.09

Note: The data are presented as means = SD, n = 6. One-way ANOVA followed by the post hoc Tukey test. Fenofibrate, 200 mg/kg/day fenofibrate-administrated model
group; MCES00-1000, 500 and 1000 mg/kg/day Mesembryanthemum crystallinum extract-administrated model group.

from food, synthesized in other tissues, and produced
within the liver itself all enter the liver's cholesterol pool.
This cholesterol is then eliminated via the gallbladder as
unmodified cholesterol, secreted into the small intestine as
bile salts, or stored in peripheral tissues (Champe

et al., 2005). Additionally, it is used as a component of
plasma lipoproteins to regulate the intake and release of
cholesterol (Champe et al., 2005). Cholesterol homeostasis
is regulated not only by internal factors such as endocrine
factors, body weight, circadian rhythm, and genetics but
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FIGURE 3 Histopathological analysis of hepatic fats from tyloxapol-induced hyperlipidemia (TIH) model. Effects of Mesembryanthemum
crystallinum extract (MCE) and fenofibrate on hepatic fats in the TIH model were analyzed with H&E, microscope, and ImageJ. Each value is the
mean = SD (n=6). ¥ <0.01, compared with Control group, *p <0.05, compared with TIH model group. % < 0.01, compared with Fenofibrate
group, ®p < 0.05, compared with MCE500 group. Control, nontreated normal group (A); Model, TIH mice model group (B); Fenofibrate, 200 mg/kg
fenofibrate-administrated TIH group (C), MCES00-1000, 500 (D)-1000 mg/kg (E) MCE-extract-administrated TIH group. The color intensity of
hepatic fat accumulation was evaluated using ImageJ and expressed as a percentage (F).

TABLE 5 Effects of MCE and fenofibrate on serum metabolic parameters from tyloxapol-induced hyperlipedemic mice model.

Parameters Control Model Fenofibrate MCE500 MCE1000

TP (mg/dL) 53%0.5 53404 52403 53403 53+0.5
Glucose (mg/dL) 160+ 15 158+ 11 154+ 14 17549 1738
Insulin (u[U/mL) 5.76 £ 0.81 5.33%0.72 4.90+0.72 5.76 £ 0.62 5.65+0.43
HOMA-IR 2.30+0.16 2.08+0.15 1.86 +0.13% 2.49+0.17 2.41+0.17
TC (mg/dL) 105+8 257 +15% 117 £ 8%+ 192 % 11%* 171  10%*
TG (mg/dL) 91+3 545+ 117 155 + 9% 3124 15%* 276 % 12%*
HDL (mg/dL) 102+3 149 + 1# 132+ 9% 147 + 2% 149 + 1#
LDL (mg/dL) 21.2+5.6 217.0+16.2% 16.0 +0.8%* 107.4 + 12.0%* 77.2 % 11.4%+
VLDL (mg/dL) 182+0.6 109.0 +2.2% 31.0 + 1.8%* 62.4+3,0%* 552+ 2.4%%
Al 0.89+0.03 3.66%0.11% 1.17 +£0.04%* 2.12+0.06%* 1.85+0.06%*
AC 0.030 £ 0.001 1.00 +0.03% -0.139 % -0.004%* 0.42+0.01%* 0.200 + 0.006**
CRR 1.03+0.03 1.72 £0.05% 0.89 % 0.03** 1.31+0.04%* 1.15£0.03**
CAI 0.21+0.01 1.46 +0.04% 0.120 +0.004** 0.73 +0.02%* 0.52+0.02%*
AST (U/L) 107.0+2.4 182.4 +10.2% 135.5 £ 16.9% 146.1 £19.4* 1424 +11.5%
ALT (U/L) 313%1.1 47.5+3.9"% 34.5+4.1% 439+37 41.1%35
Adiponectin (ug/mL) 6.01£0.16 5.15 0.09% 531%0.15 5.32+0.11 544%0.13

Note: The data are presented as means + SD, n= 6. One-way ANOVA followed by the post hoc Tukey test. *p <0.01, compared to Control group. *p <0.05 and

**p <0.01, compared to Model group. Fenofibrate, 200 mg/kg/day fenofibrate-administrated model group; MCES500-1000, 500, and 1000 mg/kg/day Mesembryanthemum
crystallinum extract (MCE)-administrated model group; TP, total protein (mg/dL); Glucose (mg/dL); insulin (W[U/mL); HOMA-IR, homeostasis model assessment-
insulin resistance; TC, total cholesterol (mg/dL); TG, triacylglycerol (mg/dL); HDL, high-density lipoprotein cholesterol (mg/dL); LDL, low-density lipoprotein
cholesterol (mg/dL); VLDL, very low-density lipoprotein cholesterol (mg/dL); Al, atherogenic index; AC, atherogenic coefficient; CRR, cardiac risk ratio; CAI, coronary
artery index; AST, aspartate aminotransferase (U/L); ALT, alanine aminotransferase (U/L); Adiponectin (ug/mL).
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also by external nutritional and therapeutic factors like
weight loss, statins, plant sterol therapy, and ezetimibe
(Duan et al., 2022). Because the LDL reduction effect
through diet and exercise is limited to 10%—15% (Scirica &
Cannon, 2005), drug treatments have been employed to
achieve more substantial outcomes, including statin ther-
apy and non-statin alternatives. Medications used to treat
dyslipidemia include statins, ezetimibe, and proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors like
alirocumab and evolocumab. Statins are the primary rec-
ommended treatment for dyslipidemia (Lee, 2015). They
function as HMGCR inhibitors. HMGCR plays a role in
cholesterol synthesis by converting HMG-CoA into me-
valonic acid in the liver. Statins competitively inhibit
HMGCR, thereby decreasing cholesterol production.
Statins competitively inhibit HMGCR, thereby reducing
cholesterol production (Jiang et al., 2018). However,
numerous adverse reactions to statin drugs have been re-
ported clinically and confirmed through various random-
ized controlled trials (Golomb & Evans, 2008; Pedersen &
Tobert, 2004). Approximately 10%—15% of patients taking
statins experience side effects such as muscle pain, besides
common side effects like muscle pain and gastrointestinal
symptoms, rarer symptoms such as rash, myopathy, and
insomnia may also occur (Banach et al., 2015; Rosenson
et al., 2017). In severe cases, muscle toxicity like rhabdo-
myolysis can develop (Choi & Park, 2004). Therefore,
research on new drug materials that have cholesterol-
controlling effects while alleviating the side effects of
statins is continuing (Choi et al., 2020; Choi, Kim, Park,
et al., 2023; Melia et al., 2023; Mozaffarian et al., 2022;
Zhu et al., 2021). In the present study, we analyzed the
levels of D-pinitol as a HMGCR inhibitor in MCE. D-
pinitol, also referred to as 3-O-methyl-chiro-inositol, is a
notable phytoconstituent (Abo-Elghiet et al., 2023) that
displays insulin-like effects and protects pancreatic tissue
from free radicals. Additionally, it exhibits anti-
inflammatory, antihyperlipidemic, and hepatoprotective
properties (Anandakumar et al., 2018). p-pinitol has long
been recognized as a major component of soybean, with
typical concentrations in soybean ranging from 1.3% to 2%
(13-20mg/g) of dry weight (Chen et al, 2014;
Streeter, 2001). Comparing the results of p-pinitol contents
in other study (Kim et al., 2005), the level (12.01 mg/g) of
D-pinitol detected from MCE was higher than those of
soybean (4.4-6.8 mg/g), soybean leaf (8.3 mg/g), defatted
soybean (6.5 mg/g), ginseng (1.0-4.8 mg/g), and pine needle
(7.0 mg/g), and lower than those of carob pod (40 mg/g),
soy whey (20 mg/g), soybean oligosaccharides (17.4 mg/g,
and Boughainvillea (20 mg/g).

Tyloxapol holds significant value in studies concerning
triglyceride and cholesterol metabolism, serving as a cru-
cial tool in animal models to assess lipid-lowering natural
or chemical compounds and investigate cholesterol and
triglyceride metabolism (Takahashi et al., 2003). This
compound promotes cholesterol synthesis by enhancing
the activity of HMGCR and subsequently elevates plasma

cholesterol levels (Igbal et al., 2015). Cholesterol control
targeting HMGCR can be applied as an effective strategy,
and studies are currently being actively reported on the
search for HMGCR inhibitors and efficacy analysis from
natural products and bioactive substances (Hahn
et al., 2020; Ibrahim et al., 2020; Marahatha et al., 2021;
Silva et al., 2021; Su et al., 2024). HMGCR catalyzes the
conversion of HMG-CoA into mevalonic acid. Conse-
quently, decreased HMGCR activity leads to reduced
cellular cholesterol levels, triggering the activation of
SREBP-mediated signaling pathways. HMGCR Class 1
features a transmembrane domain spanning residues 1 to
339, a cytosolic domain housing the active site in residues
460-888, and is linked by a region comprised of residues
340-459 (Friesen & Rodwell, 2004). The core active site
responsible for reducing HMG-CoA is situated in the cis-
loop, with key catalytic residues including GLUS559,
LYS691, LYS735, ASP767, and HIS866 (Miziorko, 2011).
The CoA binding site is located in the L-domain of one
monomer. The ADP moiety of CoA binds close to the
enzyme's surface, within a pocket lined with positively
charged residues (Gesto et al., 2020). The residues consti-
tuting the CoA binding pocket include SER565, ASN567,
ARG568, LYS722, SERS865, HIS866, and TYR479.
NADPH binds to the S-domain of the adjacent subunit
where the HMG-CoA binding pocket is situated. Residues
SER626, ARG627, PHE628, ASP653, MET655, GLY 656,
MET657, ASN658, and VALRBO0S are derived from the S-
domain, while residues ASN870 and ARGS871 originate
from the adjacent monomer. When NADPH is present, a
conformational change occurs in the enzyme's C-terminus,
resulting in the closure of the active site (Istvan, 2000).
Statins possess rigid hydrophobic groups that are cova-
lently attached to the HMG-like moiety. Specifically,
atorvastatin, as a HMGCR inhibitor, establishes a
hydrogen bond with a carbonyl oxygen atom at SER565,
residing within a shallow groove between helices Lal and
Lal0 with several residues including HIS752 and ASN755
(Istvan & Deisenhofer, 2001). In the present study, ator-
vastatin exhibited a docking energy of —8.21 kcal/mol and
interacted with 13 amino acids (ALA753, ALA754,
ILE756, VAL757, THR758, ILE762, ALA768, ALA769,
GLN770, ASN771, VAL772, GLY773, and SER775)
situated within the catalytic site of HMGCR. These in-
teractions involved van der Waals forces, hydrogen bonds,
unfavorable steric clashes, unfavorable halogen (fluorine)
interactions, and hydrophobic alkyl interactions.
MCE-derived p-pinitol exhibited the docking energy of
—8.53 kcal/mol, respectively. They may influence enzy-
matic activity by forming strong affinity through van der
Waals bonds (ILE756), conventional hydrogen bond in-
teractions (ALA753, ALA754, THR758, ASN771,
SER775), and unfavorable steric bumps bonds (ALA753,
ALA754, VAL757, THR758, ASN771, SER775), which
correspond to the binding site of atorvastatin. Notably,
the binding affinities (kcal/mol) of Dp-pinitol to the active
site of HMGCR were found to be higher than those of
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atorvastatin. The strong docking ability of D-pinitol to
interact with HMGCR influences its enzymatic activity. By
ultimately reducing HMGCR activity, MCE-derived
D-pinitol is expected to help control cholesterol produc-
tion and metabolism, potentially alleviating the side effects
associated with statin use in clinical practice. Moreover,
tyloxapol treatment resulted in changes such as hyper-
cholesterolemia, hyperlipidemia, increased LDL and
VLDL levels, elevated Al, and hepatic fat accumulation in
the TIH model, consistent with previous research findings
(Mokhtari et al., 2023; Ramos et al.,, 2021; Sulumer
et al., 2024). Compared to mice on a normal diet, those
treated with tyloxapol exhibited a 1.65-fold increase in
hepatic fat accumulation, which may be linked to cardio-
vascular risk. Furthermore, tyloxapol treatment resulted in
elevated levels of TC, TG, LDL, VLDL, and cardiovascular
risk indicators such as AI, AC, CRR, and CAI. Addition-
ally, tyloxapol caused an increase in AST and ALT Ilevels
and a decrease in adiponectin levels in the serum of the TTH
mouse model. However, administering MCE proved effec-
tive in lowering TC, TG, LDL, VLDL, AI, AC, CRR, CAl,
and AST levels, and it demonstrated greater efficacy in
increasing HDL levels compared to the Fenofibrate group.
The beneficial effects of MCE may be attributed to the
presence of inositol derivatives such as D-pinitol (Anderson
et al., 1952), as well as beneficial compounds like f-carotene
(Kang & Joo, 2023) and ferulic acid (Sun et al., 2022), which
are known for their anti-inflammatory, antidiabetic, anti-
LDL oxidation, and antioxidant properties.

5 | CONCLUSION

The effectiveness of MCE was evaluated in lowering fat/
lipid/cholesterol levels. The result of HPLC analysis showed
MCE contains D-pinitol compound (12.01 mg/g), and the
docking simulations indicate MCE-derived D-pinitol binds
to the cytosolic domain as an active site of HMGCR. In
animal studies, there were no significant differences in body
weight, feed intake, weights of epididymal fat, liver, kidney,
and spleen among the MCES500, MCE1000, and Fenofi-
brate groups compared to the model group, whereas MCE
effectively mitigated tyloxapol-induced hepatic fat accu-
mulation, and an increase of cholesterols levels. This was
achieved through improvements in metabolic parameters,
including total cholesterol, triacylglycerol, HDL choles-
terol, LDL cholesterol, very LDL, AI, AC, CRR, CAI, and
aspartate aminotransferase, ultimately ameliorating TIH
and hypercholesterolemia. These beneficial results suggest
that MCE may be a strong potential for the attenuation
of hyperlipidemia-related diseases and cholesterol/lipid
accumulation.
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