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Abstract: Nonalcoholic fatty liver disease (NAFLD) is a major hepatic disorder occurring in non-
alcohol-drinking individuals. Salvianic acid A or Danshensu (DSS, 3-(3, 4-dihydroxyphenyl)-(2R)-
lactic acid), derived from the root of Danshen (Salvia miltiorrhiza), has demonstrated heart and liver
protective properties. In this work, we investigated the antioxidant activity and hepatoprotective
activity of Danshensu alone and in combination with different agents, such as probiotic bacteria
(Lactobacillus casei and Lactobacillus acidophilus), against several assays. The inhibition mechanism
of the methylation gene biomarkers, such as DNMT-1, MS, STAT-3, and TET-1, against DSS was
evaluated by molecular docking and RT-PCR techniques. The physicochemical and pharmacokinetic
ADMET properties of DSS were determined by SwissADME and pkCSM. The results indicated that
all lipid blood test profiles, including cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), were reduced after the oral
administration of Danshensu combined with probiotics (L. casei and L. acidophilus) that demonstrated
good, efficient free radical scavenging activity, measured using anti-oxidant assays. ADMET and
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drug-likeness properties certify that the DSS could be utilized as a feasible drug since DSS showed
satisfactory physicochemical and pharmacokinetic ADMET properties.

Keywords: Salvia miltiorrhiza; Danshensu; DNA demethylation; probiotics; nonalcoholic fatty liver
disease; in silico; molecular docking; ADMET; hepatic

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) pathogenesis is influenced by lifestyle, diet,
and genetics [1,2]; however, it is dominated by elevated central adiposity [3]. NAFLD is
influenced by many conditions, such as diet, genetics, and lifestyle, but the most important
condition that affects NAFLD is high central adiposity [3]. Type 2 diabetes mellitus and
obesity diseases are prevalent in those with NAFLD [4]. Epigenetic processes are related to
different conditions, like the environment, genetics, and metabolic disease risk [5]. DNA
methylation plays a central role in the epigenetic process due to its ability to change multige-
netic processes, such as transcription and development [6,7]. The DNA methylation process
is a transformation of a methyl group onto the C5 position of 5'-CpG-3' dinucleotides to
form 5-methylcytosine (5mC) through a specific enzyme, DNA methyltransferase (DNMT),
with S-adenosyl methionine (SAM) as the active methyl donor [8]. The equilibrium between
DNA methyltransferases and demethylases is vital for genomic methylation homeostasis.
The deficiency in genomic methylation homeostasis leads to different diseases, such as
cancer. The ten-eleven translocation 1 (TET-1) has a crucial function in the demethylation
process through catalyzation because it hydroxylation from 5mC to 5hmC [9,10]. Also,
DNMTs catalyze DNA methylation [6]. STAT 3-mediated microRNA (miRNA) expression
is emerging as an epigenetic mechanism for driving hepatic oncogenesis [11]. Methionine
synthase (MS), as methyl groups, was detected in liver tissue [12]. Currently, antihyper-
lipidemic medicine includes five main classes, which involve the following statins: fibric
acid derivatives, bile acid binding resins, and nicotinic acid derivatives. In addition, some
drugs inhibit cholesterol absorption [13]. Medicinal plants are rich sources of antioxidant,
antibacterial, anti-inflammatory, and antitumor compounds [14]. Researchers are interested
in medicinal plants” antioxidant properties because of their superior effectiveness, safety,
and consumer acceptability [15]. Many plants have anti-hyperlipidemia activity, such as
Salvia miltiorrhiza (also known as Danshen), Glycyrrhiza glabra, and Moringa oleifera [16].
Danshensu is well known since salvianic acid A is extracted from it. Salvianic acid A (DSS)
(Figure 1) is a purified component with a defined structure [17]. Previous studies focused
on the activity of DSS as an anti-inflammatory agent, as well as its protective effects on
the heart, liver, and kidney [18]. STAT 3 is only transiently activated in the liver under
physiological conditions, due to the tight control of downregulation [19]. Probiotics are live
microorganisms that have beneficial effects on the host when administered in appropriate
amounts [20]. Lactic acid bacteria (LAB), which are generally regarded as safe (GRAS)
bacteria, are more common due to their resistance to bile toxicity as well as their ability to
tolerate gastric acidity in the intestine [21]. Lactobacillus probiotic strains are reported to
control hyperglycemia, lactose intolerance, and insulin [22,23]. Previous studies demon-
strated that both L. acidophilus and L. casei are capable of improving lipid profiles [19], fatty
liver grade, and inflammatory and anti-oxidative status [24]. Also, L. casei can be reduced to
firmicutes [25,26]. In our study, we studied the effect of Danshensu associated with different
probiotics as an antioxidant activity and hepatoprotective agent. We also examined the
activity of DSS as a DNA demethylation agent in vivo and in silico using RT-PCR and
molecular docking.
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Figure 1. Chemical structure of 3-(3, 4-dihydroxyphenyl)-(2R) lactic acid, known as salvianic acid A
or Danshensu (DSS), isolated from Danshen (Salvia miltiorrhiza).

2. Materials and Methods
2.1. In Vitro Study of Danshensu Extracts

Phytochemical Analysis.

2.2. Total Polyphenol Content (TPC)

The total polyphenol content (TPC) of Danshensu extracts was evaluated using method
outlined by Yawadio Nsimba et al. [27]. In brief, 0.5 mL of Danshensu extracts was mixed
with diluted Folin-Ciocalteu reagent in a ratio of 1:10 for 5 min at room temperature,
followed by the addition of sodium carbonate solution (2 mL, 7.5% w/v). The mixture
was left to stand for half an hour at room temperature (RT), and then absorbance was
determined at 765 nm. The quantitative value of TPC was determined as milligrams of
gallic acid equivalents (GAE) per 100 g (mg of GAE g~! dw).

2.3. Determination of Total Flavonoids (TFs)

TF was measured using the aluminum chloride colorimetric assay described by
Zhisen et al. [28]. Briefly, 0.5 mL of Danshensu extracts was mixed with 150 pL of 5%
sodium nitrate and 2.5 mL of distilled water for 5 min; then, 0.3 mL of 10% AICl3 was
added. At 6 min, 1 mL of 0.001 M NaOH and 0.55 mL of distilled water were added to the
mixture and left at RT for 15 min. The absorbance was determined at 510 nm. The content
of TF was expressed as mg of quercetin equivalent (QE) per g~ .

2.4. Measurement of Antioxidant Properties

The DPPH (1, 1-diphenyl-2-picrylhydrazyl) scavenging effects of Danshensu were
evaluated using a standard method [29]. A freshly prepared solution of DPPH in methanol
(6 x 107> M) was used for the UV measurements. The samples of different concentrations
(10-80 pg/mL) were added to the DPPH solution in a 1:1 ratio, followed by vortexing.
Then, the assay took place in a dark room at room temperature. Ascorbic acid and trolox
served as standards. The inhibition percentage of DPPH radical scavenging activity was
calculated using the following equation:

Inhibition (%) = [(Ay — A)/Ap] x 100

where Ay is the absorbance of DPPH in the absence of the sample, and A is the absorbance
of DPPH during the existence of the test material. The IC5; values were evaluated using a
graph between the inhibition percent and the sample concentration.

2.5. Total Reduction Capability

The total reduction capability of the examined materials was measured according to
the method of Kumari et al. (2016) [30]. Briefly, the mixture of 2.5 mL of 0.2 M phosphate
buffer (pH 6.6) and 2.5 mL of 1% potassium ferric cyanide was added to 1 mL of Danshensu
in various concentrations (10-160 ng/mL), followed by gentle mixing. This was followed
by incubating the mixture inside a water bath at 50 °C, then adding 2.5 mL of stopping
reaction solution (10% TCA) and centrifuging the mixture at 4000 rpm for 10 min. Then,
we pulled 2.5 mL from the top layer and transferred it to a new tube, completing it with
2.5 mL of distilled water and 0.5 mL of 0.1% FeCl3.6H,O. This was mixed for 5 min. The
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absorbance was measured at 700 nm against the blank. Ascorbic acid and trolox were
assigned as standards.

2.6. ABTS Radical Cation Decolorization Assay

The ABTS+ radical cation scavenging assay is one of the quantitative methods to
measure and evaluate the antioxidant activity of Danshensu. In brief, 7 mM of 2 and
20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was mixed
with 2.45 mM potassium persulfate and let stand at room temperature in the dark. After
that, 3 mL of ABTSC solution was gently mixed with 0.2 mL of Danshensu extracts at
different concentrations (10-160 ug/mL). We utilized ascorbic acid and trolox as standards.
The mixture was left to stand at RT for 6 min [31]. The inhibition percentage was determined
by using the following equation:

% Inhibition = Optical Density of control — Optical Density of test material = Optical Density of control x 100

2.7. Hydrogen Peroxide (HyO;) Radical Scavenging Activity

The radical scavenging activity of the extracts against HyO, was measured using the
method of Ruchetal (1989) [32]. Briefly, water extracts of DSS (10-160 pg/mL) were mixed
with 0.6 mL of hydrogen peroxide (40 mM) in the prepared phosphate buffer (pH 7.4). Then,
the mixture was incubated at RT for 10 min. After that, the mixture was scaled at 230 nm
against the blank solution, and both ascorbic acid and trolox were used as standards. The
inhibition percentage was estimated by applying the following formula:

Percentage (%) of inhibition = (A1 — Ap)/ A1 x 100

where A; is the absorbance of the hydrogen peroxide and A, is the absorbance of the
reaction mixture with Danshensu extract.

2.8. Nitric Oxide (NO) Radical Scavenging Assay

Nitric oxide (NO) radical scavenging assay was determined and evaluated by the
Sreejayan and Rao (1997) method [33]. NO radicals were generated from sodium nitroprus-
side solution and 1 mL of Danshensu extracts at various concentrations (10-160 pg/mL).
The mixture was incubated at 25 °C for 150 min, followed by mixing with 1.0 mL of
pre-prepared Griess reagent. Ascorbic acid and trolox were assigned as standards.

The inhibition was measured by applying the following equation:

% Inhibition of NO radical = [Ag — A1]/ Ao x 100

where Ay is the absorbance before the reaction and A; is the absorbance after the reaction
has taken place with Griess reagent. The decreasing absorbance indicates a high NO
scavenging activity.

2.9. In Vitro Lipid Peroxidation (LPO) Assay
2.9.1. Preparation of Rat Liver Homogenate

Male Wistar Albino rats, weighing approximately 170-200 g, were sacrificed after being
anesthetized with a standard anesthetizer, sodium pentobarbitone (35 mg/kg), followed by
the excision of one lobe of the liver, washing it with a saline solution. Hepatic homogenate
tissues were prepared by homogenizing 1 g of hepatic tissue and 05 M ice-cold phosphate
buffer (pH-7.5) in a ratio of 1:10 in a Teflon homogenizer. Hepatic homogenate tissues were
used to determine thiobarbituric acid-reactive substances (TBARSSs).

2.9.2. TBARS Assay

Lipid peroxidation is classified as an oxidative stress marker that is generated in liver
tissue through the induction of Fe?* ascorbate pathway. The lipid peroxidation (LPO)
assay was carried out using the common method of Ohkawa et al. (1979) [34]. Hepatic
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homogenate (0.25 mL) was mixed with 0.1 mL of Tris HCL buffer (pH 7.2), 0.05 mL of
0.1 mM ascorbic acid, 0.05 mL of 4 mM FeCl, solution, and 0.05 mL of the Danshensu
extracts at various concentrations (10-160 pg/mL). The mixture was incubated at 37 °C for
1h, and 1.5 mL of 0.8% (w/v) 2-thiobarbituric acid, 1.5 mL of 20% acetic acid, and 0.2 mL
of 8.1% (w/v) sodium dodecyl sulfate were added to the reaction mixture. The mixture
was made up to 4.0 mL with distilled water and heated at 95 °C for 60 min. After cooling
with tap water, 1.0 mL of distilled water and 5.0 mL of a mixture of n-butanol and pyridine
(15:1, v/v) were added. The mixture was shaken vigorously. The absorbance was measured
at 532 nm in a spectrophotometer (Beckman, UK). Ascorbic acid and trolox are assigned
as standards.

2.10. In Vivo Study
2.10.1. Animals and Experimental Design

We carried out the experimental technique after the Animal Protocols Evaluation
Committee’s affirmative decision, according to the Ethics Committee of the faculty of
veterinary medicine at the University of Sadat City, Egypt (IACUC, VUSC-023-1-22) [35,36].
Thirty male Wistar rats were used in this study. Rats weighing 170-200 g were purchased
from VACSERA's animal home in Giza, Egypt, at the age of 8-10 weeks. The rats were kept
in a controlled environment with food and water, including a consistent room temperature
of 22-24 °C and a 12 h light-12 h dark cycle. The rats were fed a dry chow diet and had
access to water at all times. For the experiment, the rats were placed into six groups, each
with five rats.

2.10.2. Acute Toxicity Study

Acute toxicity study was carried out as per the Ethics Committee of the faculty of
veterinary medicine at the University of Sadat City guidelines (acute toxic class method).
Waster rats (n = 5) of either gender were selected by random sampling for the acute toxicity
study. The Wistar Albino rats did not feed overnight, but a single water ad libitum dose
of 5 mg/kg body weight (b.w.) was administered under monitoring and followed for
14 days. The following protocol was used: (i) if mortality was noticed in two out of three
rats, then the dose administered was assigned as a toxic dose; (ii) if mortality took place in
one out of three, the dose was repeated to emphasize the toxicity; and (iii) if there was no
mortality at all, the dose specificity was increased until it reached the high maximum of
3000 mg/kg b.w.

2.10.3. Induction of Hyperlipidemia

According to Khanna et al., all rats weighing between 100 and 110 g were divided into
6 groups (A-F) and fed 12 g of diet each day. All groups except group A were given intra-
gastric administration each day for 28 days while being fed a high-cholesterol diet (HCD)
that included whole wheat (62.5 g), yellow corn (37.5 g), barley, and one tablet of vitamin
B12. After giving the rats a week to acclimate, they were divided into six groups, each with
six rats: Group A—normal diet and water (control); Group B—normal diet plus cholesterol
(25 mg/kgbw/day); Group C—normal diet + cholesterol (25 mg/kg b.w./day) + fenofi-
brate (650 mg/kg b.w./day); Group D—normal diet + cholesterol (25 mg/kg b.w./day)
and DSSE (50 mg/kg/day); Group E—normal diet + cholesterol (25 mg/kg b.w./day) +
L. acidophillius mixture of 2 x 108 CFU/mL plus DSS (50 mg/kg/day); Group F—normal
diet + cholesterol (25 mg/kg b.w./day) + L. casei mixture of 2 x 108 CFU/mL plus DSS
(50 mg/kg/day). All animals were fed for 28 days. Then, animals were sacrificed after
fasting for 12 h, according to the Ethics Committee of the faculty of veterinary medicine at
the University of Sadat City, Egypt IACUC, VUSC-023-1-22) [37].

2.10.4. Collection of the Body Organs (Heart, Liver, and Serum)

The animals were fasted for 12 h prior to being put under anesthesia, after receiving
food for 28 days. By cervical dislocation, the anesthetized rats were sacrificed [37]. The
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heart, liver, and kidneys, among other complete animal organs, were all removed and
weighed. For the next tests, the liver was collected and kept at —80 °C. Additionally, blood
was drawn using an intracardiac puncture, separated into serum using centrifugation, and
then collected in heparinized tubes. The serum samples were then well mixed by being
gently inverted 2-3 times and incubated at 4 °C for 2-3 h [34]. All bodily organs, including
the liver, kidney, pancreas, and heart, were fixed in formalin and embedded in paraffin for
histological studies.

2.10.5. Preparation of Tissue Homogenate

Homogenization of 1 g of wet tissue in 10-times (w/v) 0.05 M ice-cold phosphate buffer
(pH 7.4) in a Teflon homogenizer produced the animal’s liver, heart, and kidney tissue
homogenate. The homogenate was then split into two parts: the first part was used to
assess SOD using the supernatant of homogenate tissues after centrifugation at 15,000x g
at 4 °C for 60 min, and the other part was used to assess GSH by mixing with 10% TCA
in a ratio of 1:1 and centrifugation at 5000 rpm at 4 °C for 10 min, finally separating the
supernatant for use in studying GSH.

2.11. Biochemical Analysis
2.11.1. Blood Lipid Profile Analysis

All the blood lipid profiles were evaluated and calculated using Friedwald’s formula [38].

2.11.2. Determination of HMG-CoA Reductase Activity

The HMG-CoA reductase was tested by using a commercial kit purchased form Sigma-
Aldrich (St. Louis, MO, USA). The assay depends upon the oxidation reaction of NADPH
through the catalytic process of the subunit of HMG reductase in the existence of the
substrate HMG-CoA at 37 °C according to the manufacturer’s protocol [39].

2.11.3. Determination of Hepatic and Fecal Lipids

Total lipids from the liver samples were determined by using a mixture of chloroform
and methanol with a 2:1 ratio (v/v) [40]. Briefly, one hundred grams of liver tissues was ho-
mogenized in 500 pL of phosphate buffer (pH 7.4) and centrifuged at 9000 x g for 10 min at
4 °C. Then, the supernatant was separated and added to 1 mL of the chloroform/methanol
mixture. The mixture was sonicated for 30 min and allowed to stand for 1 h, followed by the
addition of 1000 pL isopropanol and vortexing the samples before the analysis. The fecal
samples were collected before the end of the experiment, and the chloroform/methanol
method was used. Hence, cholesterol and triglycerides were measured using standard kits
obtained from Thermo Fisher Scientific (Waltham, MA, USA).

2.11.4. Measurement of Fecal Bile Acids

According to Zhu et al. (2008) [37], bile acids from feces were measured. Then, 48 h
before the completion of the experiment, fecal samples were collected, dried, weighed, and
frozen at —70 °C. The pollutants were then removed from 100 mg of feces using 1 mL of
a chloroform/methanol (2:1 v/v) solution and 2 mL of KCI (3.7 g/L). The top layer was
then removed from the sample, evaporated, and dissolved in 1 mL of 50% methanol after
being centrifuged at 1500 g for 10 min. A 20 uL sample was combined with 30 pL of 3c-
hydroxysteroid dehydrogenase (0.1 IU per sample), 250 uL of NAD (2 mmol/L) diluted in
phosphate buffer (pH 10.5), and 30 min of incubation at room temperature [38].

2.11.5. Evaluation of Tissue Markers of Oxidative Stress

According to Ohkawa et al., (1979), we determined thiobarbituric acid-reactive sub-
stances as indicators of lipid peroxidation in serum, heart, and liver tissues [34], while
glutathione (GSH) was determined by Ellman (1959) [39] and superoxide dismutase (SOD)
was determined by Marklund (1974) [40]. The nitrate oxide (NO) level was assayed using
the method described by Green et al. (1982) [41].
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2.12. Quantitative RT-PCR

Total RNA from the liver in RNA later solution was extracted using a Fast RNA Pro
Green Kit according to the manufacturer’s instructions. Gene expression was measured
using a two-step multiplex quantitative RT-PCR method. The nucleotide positions of the
oligonucleotides are listed in Table 1. Real-time PCR was performed using a Bio-Rad
DNA Engine (Bio-Rad Lab. Inc., Hercules, CA, USA) according to the manufacturer’s
instructions. Reactions were performed in a 25 uL volume with forward primer, reverse
primer, SYBR Green Real-time PCR Master Mix-Plus, template, and DEPC water. Then, we
added 2 pL of template cDNA to the final volume of 20 pL of the reaction mixture. The
procedures occurred as follows: enzyme activation for 10 min at 95 °C, then 40 cycles to
denature for 15 s at 995 °C, an annealing step for 20 s at 555 °C, and an elongation step at
72 °C for 20 s [42].

Table 1. List of primers using rt-PCR.

Primer Sequence (5'-3")
F: AGGAATGTGTGAAGGAGAAATTG
PRNMI R: CTTGAACGCTTAGCCTCTCCATC
F: AGAAGAGGATTATGGTGCTGGATG
MS R: TCTTAATTCCTGTCTGGAGAGTT
F: ACCCAACAGCCGCCGTAG
STATS R: CAGACTGGTTGTTTCCATTCAGAT
F: ACTCCCTGAGGTCTGTCCTGGGA
TET1 R: GGATCGAGACATAGCTACAGAGT
F: CAGGTTGTCTCCTGCGACTT
GAPDH

R: TATGGG GGTCTGGGATGGAA

2.13. In Silico Study
2.13.1. Ligand Preparation

The 2D structure of DSS was obtained from the PubChem database (PubChem CID:
11600642) [43]. All the sketched 2D structures were transformed into 3D, and geometry
was optimized by using Avogadro 1.2.0 software [44]. Geometry optimization was used to

find the most stable conformers of all the molecules. The results were saved in a separate
folder in PDB format.

2.13.2. Receptor Preparation

The two-dimensional X-ray crystal structures of the following proteins were obtained
from the RCSB Protein Data Bank (https://www.rcsb.org/) and uniport prepared as
receptors for molecular docking: DNMT-1 (PDB ID: 7sfc, MS (PDB ID: 202k), STAT-3 (PDB
ID: 6njs), and HMG (Uniport ID: P43256). The crystal structures were prepared by removing
heteroatoms, water, and ions. Hydrogens were added and missing residues were built
using AutoDock Tools 1.5.7. The prepared structures were saved as PDBQT files [45].

2.13.3. Molecular Docking

The software AutoDock 1.5.2 was utilized to carry out all molecular docking calcula-
tions. The PDBQT file of receptors was prepared by the AutoDock protocol. The maximum
number of energy evaluations (evals) and the genetic algorithm number (GA) were changed
to 250 and 25,000,000, respectively. The default settings for every other option were retained.
The active sites were defined by the docking grid’s dimensions [46].
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2.13.4. ADMET and Drug-Likeness Properties

The pharmacokinetics of DSS were investigated using the accessible websites Swis-
sADME (http:/ /www.swissadme.ch/) and pkCSM (https://biosig.lab.uq.edu.au/pkesm/
accessed on 24 December 2023), which were used to study the ADMET and drug-likeness
of the study compound. Interestingly, Lipinski’s rule of five (ROF) was evaluated to screen
the opportunity of DSS to work as a standard drug [47-49].

2.14. Statistical Analysis

Using the SPSS 17 software packages (SPSS Inc., Chicago, IL, USA), the statistical analysis
of each experiment was assessed. One-way ANOVA was used to assess the data, and p < 0.05
was considered to be a significant value. Each experiment was independently analyzed by
three researchers. We also calculated mean values and standard deviations [50-52].

3. Results
3.1. Phytochemical Analysis

The quantitative analysis of Danshensu extracts summarized in Table 2 shows that
the phytochemical analysis of both TPC and TF content was 111.9 mg GAE g~ ! and
33.79 mg QE g~!, respectively.

Table 2. Total phenolic content and total flavonoids of Danshensu extracts.

Parameter Danshensu Extracts
Total Polyphenol Content (TPC) 111.9 + 216 mg GAE g~!
Total flavonoids (TF) 33.79 £ 1.89 mg QE gfl

n=3.

3.2. In Vitro Antioxidant Activities of Danshensu
3.2.1. DPPH Radical Scavenging Activity

The DPPH radicals were scaled by reducing the absorbance at 517 nm induced by
DSS, which has antioxidant activity [53]. As shown in Figure 2A, at a concentration of
160 pg/mL, the ICsy values of water extracts of Danshensu, trolox, and ascorbic acid were
10,22.2, and 7.5 pg/mlL, respectively. In the present study, the ICsy value of the Danshensu
extract was demonstrated to have significantly higher free radical scavenging activity
compared to the standard, trolox, while the lower ICsy value indicates a higher free radical
scavenging activity (Figure 3).
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Figure 2. Antioxidant activity of Danshensu extract at various concentrations (10-160 pg/mL).
(A) 1, 1-diphenyl-2-picrylhydrazyl (DPPH) activity. (B) Total reduction capability (TRC) (C) ABTS
radical cation decolorization (ABTS) (D) hydrogen peroxide (H,O,). (E) Nitric oxide (NO) (F) lipid
peroxidation (LPO) assay. Each point represents the mean & SD (n = 3). ***, **, and * shows statistically
significant differences at p < 0.001, p < 0.01, and p < 0.05.
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Figure 3. The IC5 (ug/mL) values of Danshensu extracts for scavenging activity by 1, 1-diphenyl-2-
picrylhydrazyl (DPPH) activity, total reduction capability (TRC), ABTS radical cation decolorization
(ABTS), hydrogen peroxide (H,O;), nitric oxide (NO), lipid peroxidation (LPO) assay (Lower ICsq
value indicates higher antioxidant activity). Each point represents the mean 4 SD (1 = 3). * shows

statistically significant differences at p < 0.05.

3.2.2. Total Reduction Capability

The reducing ability of the Danshensu extract was determined, and as shown in
Figure 2B, the reducing ability of the Danshensu extract was increased. Also, the trolox
and ascorbic acid concentrations increased. The absorbance of Danshensu at 160 pg/mL
was 0.28, while trolox and ascorbic acid functioned as a positive control, and the reducing
powers at 160 pg/mL were 0.25 and 0.30, respectively. The results indicated that Danshensu
extract had a clear difference in ferric ion-reducing ability, as compared to ascorbic acid.

3.2.3. ABTS Radical Cation Decolorization Assay

The results from the ABTS+ radical scavenging ability were found to be high in
Danshensu (IC50 = 42.21 ug/mL), followed by ascorbic acid (IC50 = 10.06 & 1.06 pg/mL)
and trolox (5 £ 1.9 pg/mL) (Figure 3). Danshensu, ascorbic acid, and trolox exhibited
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dose-dependent effective antioxidant activity (Figure 2C). The result indicated the ability
of DSS to scavenge excess radicals [54].

3.2.4. Hydrogen Peroxide (H;O,) Radical Scavenging Activity

The scavenging abilities of Danshensu, ascorbic acid, and trolox are shown in Figure 2D.
H,0O; radical scavenging abilities of extracts of Danshensu, ascorbic acid, and trolox at a
concentration of 160 pg/mL were 54.3 & 1.07, 58.6 &+ 1.07, and 62.43 + 1.4%, respectively.
The ICs¢ values of Danshensu, ascorbic acid, and trolox were found to be 25.23 + 2.1,
16 £+ 2.51, and 12.43 £ 1.4 ug/mL, respectively. The ICsy value indicates that the plant
extract is a better hydroxyl radical scavenger than the standard ascorbic acid and trolox
(Figure 3). The hydroxyl radical scavenging activity was increased by the extract with
increasing concentration. The lipid peroxidation data reflect the scavenging abilities of
Danshensu against hydroxyl radicals [55].

3.2.5. Nitric Oxide (NO) Radical Scavenging Activity

From the analysis, the water extract of Danshensu showed the highest inhibitory ef-
fect with an ICsg value of 46 £ 2.01 ug/mL at a concentration of 160 pg/mL. However,
trolox and ascorbic acid have a good inhibitory effect, with an ICs value of 26.53 £ 1.7
and 24.23 £ 3.2 ug/mlL, respectively (Figure 3). Therefore, Danshensu has an effective
scavenging performance, as compared with trolox and ascorbic acid, at a concentration
of 160 nug/mL (Figure 2E). Previous research has articulated the activity of phenolic com-
pounds to suppress NO radicals [56].

3.2.6. Inhibition of Lipid Peroxidation (LPO)

Previous studies documented the activity of phytochemical herbals to inhibit LPO
in a dose—concentration manner (Figure 2F) [46]. The inhibition at a concentration of
160 pg/mL is followed in the order Danshensu < trolox < ascorbic acid. At a concentration
of 160 pug/mL, Danshensu showed the highest inhibition of LPO with 78 + 2.21% (p < 0.05),
whereas trolox showed 56.66 & 1.45% of inhibitory effects. Ascorbic acid was also utilized
as a positive control and significantly inhibited LPO by 85.93 & 1.86%. The ICs; values
of Danshensu, trolox, and ascorbic acid were recorded to be 48.13 + 2.32, 15.21 4+ 1.01,
and 14.31 & 1.03 pg/mL, respectively (Figure 3). The results corroborated the efficacy of
Danshensu as a promising source for inhibiting LPO.

3.3. In Vivo Study
3.3.1. Acute Toxicity of Danshensu on Animals

The result indicated that there is no mortality of rats after treatment with various doses
up to 3000 mg/kg of Danshensu for 15 days, which signifies that there are no noticeable
signs of toxicity in rats in this study.

3.3.2. Danshensu Combined with PROBIOTICS—Effect on Body Weight

After the end of these experiments, the final body weight of all groups was slightly
influenced when compared to their initial body weight. As Table 3 displays, the final
body weights of all groups were 182, 225, 181, 202, 190, and 187 g for Group A, Group
B, Group C, Group D, Group E, and Group F, respectively. The initial body weights of
all the groups were 170.5, 185.2, 176.2, 175.3, 177.22, and 174.22 g for Group A, Group
B, Group C, Group D, Group E, and Group F, respectively. The activity of Group E
(Danshensu + L. acidophillius mixture) and Group F (high-cholesterol-fed (HCF) + Danshensu
+ L. casei mixture), according to the findings, helped control the rats’ body weight. Also, the
comparison of the final body weights of the HCF + FF, HCF + DSSE, L. acidophillius at a
concentration of 2 x 108 CFU/mL mixture with Danshensu (50 mg/kg/day), and L. casei
at a concentration of 2 x 108 CFU/mL mixture with Danshensu (50 mg/kg/day), against
the HCF groups indicated a remarkable reduction in the rats’ weight, as compared to the
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HCEF group. This finding indicated that Danshensu extract associated with probiotics has a
significant impact on the body’s metabolism.

Table 3. Effect of Danshensu combined with probiotics (Lactobacillus casei and Lactobacillus acidophilus)
on body weight for rats.

Group Initial Body Weight-1st Day (g)  Final Body Weight-28th Day (g)
NC 170.5 £2.31 182 £2.8
HCF 185.2 £2.75 225 +£3.22*
HCF + FF 176.2 £ 3.93 181 +2.89
HCF + DSS 175.3 £ 3.43 202 £3.11*
fgdzp]iisl’iuz 177.22 + 231 190 + 3.61
HCEF + DSS + L. casei 174.22 £ 391 187 £2.3

NC (Normal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet + cholesterol
(25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate (65 mg/kgb.w./day),
HCF + DSS: normal diet + cholesterol (25 mg/kgb.w./day). Danshensu (50 mg/kg/day), HCF + DSS + L. aci-
dophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L. acidophillius mixture of 2 x 103 CFU/mL plus
Danshensu (50 mg/kg/day), HCF + DSS + L. casei: normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture
of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day).* p < 0.01 vs. Initial body weight, n = 6, mean + SEM.

3.3.3. Biochemical Parameters

The results of the lipid profile (TC, TG, VLDL-C, and LDL-C) were significantly higher
in group B compared to the control animal Group A, as shown in Table 4. Total cholesterol
was reduced to 126, 112, 94, 81, and 77 mg/dL, respectively, in animals treated with
Danshensu (50 mg/kg/day), Danshensu (50 mg/kg/day) + L. acidophillius mixture at a
concentration of 2 x 108 CFU/mL, and Danshensu (50 mg/kg/day) mixed with L. casei
at a concentration of 2 x 108 CFU/mL. Danshensu (50 mg/kg/day) alone, Danshensu
(50 mg/kg/day) plus a L. acidophillius mixture at a concentration of 2 x 108 CFU/mL, and
Danshensu (50 mg/kg/day) mixed with L. casei at a concentration of 2 X 108 CFU/mL
all increased HDL-C levels to 41, 50, 56, and 61 mg/dL, respectively. When compared to
the HCF group value of 33 mg/dL, there was a reduction in LDL-C levels to 89, 63, 56,
and 52 mg/dL, respectively, when compared to the HCF group value of 141 mg/dL. On
blood lipid parameters, the Danshensu extract was found to have comparable potencies
to fenofibrate-treated animals. Previous studies have reported that the blood lipid profile
level is a significant biomarker for hyperlipidemia [57]. In the present work, Danshensu
also improved the lipid profile, which was quite comparable with other studies [58].

Table 4. The influence of Danshensu in combination with probiotic on male Wistar rats” serum

lipid profile.
gy NC HCE HCF+FF  HCR+DSS Uil e L easer
TC 73.04 £2.21 153.44 + 3.21 12612 £ 5.1°* 112 £3.7* 944+29 91 £+ 1.67
TG 61.43 +2.31 121.21 £ 2.1 103.31 £3.97* 9418 + 2.3 81.47 +2.1 7731 £ 3.6
HDL 62.59 + 3.62 33.54 + 4.85 41.18 £ 2.1 50.45 + 3.6 56.12 + 3.4 61.11 + 1.9
LDL 51 4+ 2.33 ** 141.32 4 3.66 89.37 =+ 5.9 63.17 + 2.8 56.41 £ 1.6 5217 £ 3.6
VLDL 15.86 = 2.73 23.37 £ 3.97 2047 £4.1 18.3 £ 1.09 16.8 £1.03* 159 £0.97*

NC (Normal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet + cholesterol
(25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate (65 mg/kg b.w./day),
HCF + DSS: normal diet + cholesterol (25 mg/kg b.w./day). Danshensu (50 mg/kg/day), HCF + DSS + L. aci-
dophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L. acidophillius mixture of 2 x 108 CFU/mL plus
Danshensu (50 mg/kg/day), HCF + DSS + L. casei: normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture
of 2 x 10% CFU/mL plus Danshensu (50 mg/kg/day).** p < 0.01 vs. Initial body weight, n = 6, mean &+ SEM
*p <0.05 vs. NC group.
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3.3.4. Oxidative Stress Markers

In hyperlipidemic conditions, antioxidative enzymes, such as SOD and reduced GSH,
are changed, potentially induced to generate reactive oxygen species (ROS), mediating the
organ’s damage [49]. As shown in Table 5, the OS marker (SOD, GSH, TBARS, and NO)
levels were evaluated as significant (p < 0.05) in the blood serum, heart, and liver of HCF
rats when compared to the NC group, as shown in Table 3.

Table 5. The oxidative stress markers in serum, liver, and heart of the male Wistar rats.

HCF + DSS + HCF + DSS +

Parameters NC HCF HCF + FF HCF + DSS L. acidophillius L. casei
SOD 2 391+1.14 17242+ 25+ 3.6 296+ 45 341434 38.6+ 2.6
GSH P 137 £ 45 203 + 5.7 113 + 3.1 121+ 1.6 129 + 4.3 135 + 6.5
Serum TBARS © 262+ 1.1 418+41  363+381  3123+22 29.1+ 1.8 273+21
NOd 28124132 5144136 2291+151  3623+26 30.19 + 1.23 2531 + 3.1
SOD @ 88 + 1.3 514127 69 + 1.4 73412 79 +1.1 84+ 13
. GSH P 339 + 8.6 265 + 6.1 302 + 5.7 309 + 4.4 329 + 5.7 343 + 6.4
Liver TBARS © 96.4+52  161+£7.6" 142+ 839 116 + 5.6 104 + 6.5 89.2 + 7.4
NO ¢ 213 +23 B2+21 271434 212421 161+ 2.3 143 £ 06
SOD 2 694436  351+14%  611+25 622 + 1.5 6813 +£098  69.1 4+ 1.31*
GSH P 123443 81434+ 95 + 4.3 101 + 2.3 * 12458% 117+ 64
Heart TBARS © 362+ 1.4 53.4 + 43 411421 341+32 30 +2.3 29 +2.1
NO ¢ 151413 252+14 2116422  17.14+16 1510 + 1.5 1212+ 1.1

NC (Normal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet + cholesterol
(25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate (65 mg/kg b.w./day),
HCF + DSS: normal diet + cholesterol (25 mg/kg b.w./day). Danshensu (50 mg/kg/day), HCF + DSS + L. aci-
dophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L. acidophillius mixture of 2 x 103 CFU/mL plus
Danshensu (50 mg/kg/day), HCF + DSS + L. casei: normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture
of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day). * p < 0.01 vs. Initial body weight, 7 = 6, mean & SEM. : %

Inhibition, P: pg/mg, ©: uM/mg, ¢: uM/mg. * p < 0.05 vs.HCF group, ** p < 0.01 vs. HCF group, *** p < 0.001 vs.
HCEF group, * p < 0.05 vs. NC group, ** p < 0.01 vs. NC group. n = 6, mean + SEM.

3.3.5. Serum

As Table 5 displays, the SOD level decreased significantly in HCF animals (p < 0.01) by
56.34% compared with those in the NC group. The Danshensu treatment group magnificently
increased the serum SOD level by 55.4%. However, the Danshensu + L. acidophillius mixture
and Danshensu + L. casei mixture treatments did not make any significant changes in serum
SOD parameters. Also, there was no detectable change in the other measured parameters.

3.3.6. Heart

As Table 5 summarizes, rats in Group B, who were fed a high-fat diet, had considerably
lower levels of the antioxidant markers SOD and GSH than rats in Group A (who were
fed a regular diet), by 49.2 and 34.2%, respectively. SOD, an antioxidant marker, was
considerably upregulated by 56.2, 51.3, and 51.1% in Groups D, E, and F, respectively. In
Groups HCF + DSS, HCF + DSS + L. acidophillius, and HCF + DSS + L. casei, the antioxidant
indicator GSH was also considerably upregulated by 35.2, 45.5, and 48.3%, respectively.
The other measured values, however, showed no obvious variations.

3.3.7. Liver

As Table 5 reveals, rats in Group B had considerably lower levels of the antioxidant
indicators SOD and GSH, whereas animals in Group A (on a normal diet) had much greater
levels of TBARS. In Groups HCF + DSS, HCF + DSS + L. acidophillius, and HCF + DSS
+ L. casei, the antioxidant marker SOD was considerably upregulated by 40.21, 48.1, and
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50.12%, respectively. Similar to this, Groups HCF + DSS, HCF + DSS + L. acidophillius, and
HCF + DSS + L. casei showed significantly higher levels of the antioxidant marker GSH by
23.3,30.21, and 38.23%, respectively. The TBARS levels did, however, dramatically decline
by 55.59%. The other measured parameters did not change significantly.

3.3.8. Determination of HMG-CoA Reductase Activity

A statistically significant dose-dependent inhibitory effect of the Danshensu extract
combined with probiotics on HMG-CoA reductase was observed when compared with
the control. As shown in Figure 4, the HMG-CoA reductase was increased by 30% when
compared to the normal control. The HMG-CoA reductase was decreased by 30%, 53%,
and 60% for HCF + Danshensu, HCF + Danshensu + L. acidophillius mixture, and HCF +
Danshensu + L. casei mixtures, respectively. Fenofibrate showed a larger reduction in the
HMG-CoA reductase enzyme activity, at 73% (p < 0.001), as displayed in Figure 3.
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Figure 4. Determination of HMG-CoA reductase activity: NC (normal control): normal diet and
water (control), HCF (high-cholesterol diet): normal diet + cholesterol (25 mg/kgb.w./day), HCF + FF:
normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate (65 mg/kg b.w./day), HCF + DSS: normal
diet + cholesterol (25 mg/kg b.w./day). Danshensu (50 mg/kg/day), HCF + DSS + L. acidophillius:
normal diet + cholesterol (25 mg/kgb.w./day) + L. acidophillius mixture of 2 X 108 CFU/mL plus
Danshensu (50 mg/kg/day), HCF + DSS + L. casei: normal diet + cholesterol (25 mg/kgb.w./day)
+ L. casei mixture of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day). * p < 0.05 vs. NC group,
**p <0.01 vs. HCF group.

3.3.9. Determination of Hepatic and Fecal Lipids and Fecal Bile Acids

As seen in Figure 5A,B, the liver’s cholesterol and triglyceride levels were substantially
less tightly controlled than those of the animals on a regular diet, following the ingestion of
the probiotic-associated Danshensu extract. Similar to this, after giving the rats the hyper-
lipidemic drug, fenofibrate, the levels of cholesterol and triglycerides in the liver showed a
substantially lower regulation. Additionally, the high-fat-diet animal group had greater
fecal TC and bile acid levels than the animal group on a regular diet. When compared to
the normal control group, the animal administration of Danshensu and probiotics resulted
in a statistically significant rise in fecal TC levels, while animals treated with fenofibrate did
not show any statistically significant increase in fecal TC or bile acid levels when compared
with the hyperlipidemic control group (Figure 6A,B).
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Figure 5. (A) Determination of liver cholesterol, (B): determination of liver triglycerides. NC
(normal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet + choles-
terol (25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate
(65 mg/kg b.w./day), HCF + DSS: normal diet + cholesterol (25 mg/kg b.w./day). Danshensu
(50 mg/kg/day), HCF + DSS + L. acidophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L.
acidophillius mixture of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day), HCF + DSS + L. casei:
normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture of 2 x 108 CFU/mL plus Danshensu
(50 mg/kg/day). * p < 0.05 vs. NC group, ** p < 0.01 vs. HCF group.
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Figure 6. (A) Determination of fecal cholesterol, (B): determination of fecal bile acids: NC (nor-
mal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet + choles-
terol (25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofibrate
(65 mg/kg b.w./day), HCF + DSS: normal diet + cholesterol (25 mg/kg b.w./day). Danshensu
(50 mg/kg/day), HCF + DSS + L. acidophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L.
acidophillius mixture of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day), HCF + DSS + L. casei:
normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture of 2 x 108 CFU/mL plus Danshensu
(50 mg/kg/day). * p < 0.05 vs. NC group.
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3.3.10. Histopathological Changes
Liver

The liver tissue section of the normal liver revealed normal hepatic texture lobules
with glomerulus, which were made up of radiating plates or strands of polygonal cells, with
prominent round nuclei and eosinophilic cytoplasm, vertical to the central vein. Sinusoids
were lined by a discontinuous layer of fenestrated endothelial cells with a fine arrangement
of Kupffer cells. The portal area revealed the normal histological structure of the bile duct,
portal vein, and hepatic artery shown in Figure 7A. As the figure displays, an HCF liver
featured a large area of necrosis, congested central vein (CV), and lipid droplets (LDs)
accumulation. Furthermore, the hepatic parenchyma showed disorganization of the hepatic
cords and necrobiotic changes in hepatocytes characterized by focal necrotic foci and the
hydropic degeneration of hepatocytes. A small number of micro-vesicular steatosis and
apoptotic bodies were displayed. As shown in Figure 7B, fenofibrate-treated livers restored
hepatic structures, composed of cords of polygonal cells with prominent round nuclei
and eosinophilic cytoplasm, just like the control group, as shown in Figure 7C. Figure 7D
shows that the sizes of lipid droplets in the Danshensu group were remarkably smaller than
those of the HCF group, suggesting that Danshensu combined with probiotics could reduce
the accumulation of lipid droplets. Figure 7E,F show that the Danshensu combined with
probiotics treatment group can maintain normal hepatocytes in HCF rats by preventing or
reducing excess lipid formation.

Inflammatory - cells

Fluid edema

Lymphocytes

Figure 7. The pathological observation of the effect of Danshensu extracts in hepatic tissues: (A) normal
liver with glomerulus. (B) High cholesterol-fed (HCF) hepatic tissue section with large area of
necrosis, congested central vein (CV), and lipid droplets (LD) accumulation. (C) Fenofibrate-treated
hepatic tissue showing restoration of hepatic structure. (D) Danshensu (50 mg/kg/day) treated liver;
(E) Danshensu (50 mg/kg/day) mixed with L. acidophillius at concentration of 2 x 108 CFU/mL treated
liver; (F) Danshensu (50 mg/kg/day) mixed with L. casei at concentration of 2 x 10% CFU/mL treated
liver, depicting improvement in the hepatic structure and sufficient reduction in the appearance
of LD.

Kidney

The kidney tissue section of normal kidney tissue displayed a normal histological
structure, characterized by circumscribed glomeruli with a normal structure of capillary
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tufts and Bowman'’s capsule. As Figure 8A shows, the renal tubules of both proximal and
distal convoluted tubules showed an intact epithelial lining and regular arrangement. As
Figure 8B displays, HCF rats showed the shrinkage of capillary tufts with widening of
Bowman’s space of some glomeruli. Also, wider Bowman’s space, severe hemorrhages in
glomeruli, mild intertubular hemorrhages, and mild dilatations were observed in Group
B. As Figure 8C reveals, the fenofibrate-treated kidney tissue section revealed restoration
of the bowman’s space of glomerulus and tubular epithelial cell degeneration, without
significant necrosis or apoptosis. The glomeruli showed a mild degree of shrinkage of
glomerular tufts. As shown in Figure 8D, Danshensu improved the glomerular structure.
Danshensu combined with probiotics restored the Bowman’s space of the glomerulus in
kidney sections, as displayed in Figure SE,F.

Mesangial cells

Parietal layer

Figure 8. Histopathological effects of Danshensu extracts combined with probiotics in kidney of high-
cholesterol-fed (HCF) rat. (A) Represents hematoxylin eosin staining of normal kidney with glomeru-
lus. (B) High-cholesterol-fed (HCF) group revealed shrinkage of capillary tufts with widening of
Bowman’s space of some glomeruli. (C) Fenofibrate-treated kidney tissue showing restoration of kid-
ney structure. (D) Danshensu (50 mg/kg/day) treated kidney tissue; (E) Danshensu (50 mg/kg/day)
mixed with L. acidophillius at concentration of 2 x 108 CFU/mL treated kidney tissue; (F) Danshensu
(50 mg/kg/day) mixed with L. casei at concentration of 2 x 108 CFU/mL treated kidney tissue,
depicting improvement in glomerular structure and restored the Bowman'’s space of the glomerulus
in kidney sections.

Pancreatic

The pancreatic tissue section of normal pancreatic tissue displayed a normal histologi-
cal structure of the pancreas with acinar cells, with a normal structure of both exocrine and
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endocrine tissues, as shown in Figure 9A. As Figure 9B displays, HCF rats revealed fibrosis
in the b-cells of the pancreas. Figure 9C represents a fenofibrate-treated pancreatic section,
showing reversal of the normal pancreatic structure. As Figure 9D reveals, the pancreatic
tissue treated with Danshensu extract shows an improvement in the pancreatic structure. As
Figure 9E,F displays, the pancreatic tissues restore the normal pancreatic structure, when
treated with Danshensu combined with probiotics.

Fibrotic growth

Glandular cells

Exocrine Pancreas

Pancreatic Duct

Figure 9. The pathological observation of the effect of Danshensu combine with probiotics in pancreatic:
(A) normal pancreatic tissue. (B) High-cholesterol-fed (HCF) pancreatic tissue section with fibrosis
in the b-cells. (C) Fenofibrate-treated pancreatic tissue displaying restoration of pancreatic structure.
(D) Danshensu (50 mg/kg/day) treated liver; (E) Danshensu (50 mg/kg/day) mixed with L. acidophillius
at concentration of 2 x 108 CFU/mL treated normal pancreatic tissue; (F) Danshensu (50 mg/kg/day)
mixed with L. casei at concentration of 2 x 108 CFU/mL treated normal pancreatic tissue, depicting
improvement in pancreatic structure and restoration to the normal pancreatic structure.

Coronary Blood Vessels

Coronary arterial vessels of normal blood vessels displayed a normal histological
structure with normal distinct layers of tunica intima, internal elastic lamina, tunica media
(many layers of smooth muscle), and external elastic lamina (multiple layers), extending
into the tunica adventitia, as Figure 10A shows. Figure 10B displays that HCF rats re-
vealed damaged endothelial cells and the accumulation of fat in the form of foam cell
infiltration, with a score of 3, with perivascular edema (intravascular edema). As Figure 10
shows, coronary arterial vessels were treated with fenofibrate; the coronary blood vessels
were restored to normal vessels with a score of 1, characterized by minor severity with
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Foam cells infiltration

slight damage to endothelial cells. The coronary arterial vessels treated with Danshensu
extract showed an improvement in the structure of coronary blood vessels, as outlined
in Figure 10D. Figure 10E,F show that probiotics combined with the Danshensu extract
affected the coronary blood vessels” regular arrangement of endothelial lining with an
accumulation of few fat droplets with a score of 1.

Endothelial cells

Infiltration of fatcells

Figure 10. Histopathological effects of Danshensu combined with probiotics in coronary blood vessels
of high-cholesterol-fed (HCF) rat (A) represents hematoxylin eosin staining of normal liver with
glomerulus. (B) High-cholesterol-fed (HCF) liver with large area of necrosis, congested central vein
(CV), and lipid droplets (LD) accumulation. (C) Fenofibrate-treated liver showing restoration of
hepatic structure. (D) Danshensu (50 mg/kg/day) treated liver; (E) Danshensu (50 mg/kg/day) mixed
with L. acidophillius at concentration of 2 x 108 CFU/mL treated liver; (F) Danshensu (50 mg/kg/day)
mixed with L. casei at concentration of 2 x 108 CFU/mL treated, depicting that the coronary blood
vessels revealed regular arrangement of endothelial lining.

3.4. Quantitative RT-PCR

The expression of DNMT1, which responds to DNA ion activity, and methionine syn-
thase (MS), which improves the performance of methyl groups, was assessed. Figure 11A
shows that Group 2, which represents the positive control, increased to 4.5-fold as com-
pared to the negative control (Group 1). Meanwhile, Groups 3, 4, 5, and 6 decreased to
half the value, as compared to the positive control (Group 2) with 53, 50, 47, and 45%,
respectively. Similarly, the MS gene-expressed value increased more than five-fold when
compared with the positive control (Figure 11B), whereas the other groups, which represent
Danshensu alone and Danshensu associated with different probiotics (Groups 4, 5, and 6),
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were downregulated by 40, 50, and 55% when compared to the positive control. Interest-
ingly, the activity of STAT-3 contributes to the IL-6/STAT3 pathway, which functionalizes
as a hepatoprotection pathway after liver damage. Figure 11C shows the activity of Dan-
shensu as a hepatic protective agent, working alone or combined with different probiotics.
Groups 4, 5, and 6 showed downregulation to 25, 30, and 34% as compared to the positive
control (Group 2), which increased to two-fold when compared to the negative control.
The ten-eleven translocation 1 (TET1) plays a crucial role in the demethylation process.
Figure 11D reveals the downregulation of the TET1 in the positive control (Group 2) to be
50% when compared to the negative control. However, treatment of Danshensu alone or
associated with different probiotics increased the gene expression by 65, 75, and 78% in
Groups 4, 5, and 6, respectively.
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Figure 11. RT-PCR of Danshensu combined with probiotics. (A) DNMT1, (B) MS, (C) STAT-3, (D) TET-
1. NC (normal control): normal diet and water (control), HCF (high-cholesterol diet): normal diet +
cholesterol (25 mg/kgb.w./day), HCF + FF: normal diet + cholesterol (25 mg/kgb.w./day) + fenofi-
brate (65 mg/kg b.w./day), HCF + DSS: normal diet + cholesterol (25 mg/kg b.w./day). Danshensu
(50 mg/kg/day), HCF + DSS + L. acidophillius: normal diet + cholesterol (25 mg/kgb.w./day) + L.
acidophillius mixture of 2 x 108 CFU/mL plus Danshensu (50 mg/kg/day), HCF + DSS + L. casei:
normal diet + cholesterol (25 mg/kgb.w./day) + L. casei mixture of 2 x 108 CFU/mL plus Danshensu
(50 mg/kg/day). * p < 0.05 vs. NC group, ** p < 0.01 vs. HCF group.
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3.5. In Silico Study
3.5.1. Molecular Docking

As Table 6 summarizes, DSS binds with DNAT-1 through hydrogen bond interactions
with GLU 1329, ALA 1587, and EDO 1721. Additionally, it interacts with DNAT-1 with a pi-
sigma bond (LEU 15910). Moreover, the DSS interacts with DNAT-1 via Pi-Alkyl (LEU 1594
and PRO1080); in contrast, there is an unfavorable acceptor-acceptor bond (GLU 1591). The
binding energy of the interaction between DSS and DNAT-1 was —5.9 kcal/mol. Also, MS
has an AG of —5.7 kcal/mol. Hydrogen bond residues were observed (ARG 1172, TYR1227
and, SER1179), and there are other bonds between DSS and MS: Pi-sigma (LEU1591),
Pi-Alkyl (PRO1178), and Pi-Pi Stacked (TYR 1177). Interestingly, STAT-3 interacts with
DSS via different bonds: hydrogen bond (GLN 247, GLN326 GLU 324, and CYS 251),
Pi-sigma (LEU1591), Pi-Alkyl (ALA 250), and Pi-Pi Sigma (ILE 258); however, there is an
unfavorable donor-donor bond (GLN 326), with the AG occurring due to the interaction
between STAT-3 and DSS equal to —5.3 kcal/mol. Similarly, the binding energy of the
interaction between DSS and TET-1 was —4.0 kcal/mol throughout various interaction
bonds: van der Waals bond (CYS 14, LEU 12, TYR 12), hydrogen bond (HIS 9, LEU 10)),
Pi-sigma (LEU10), Pi-Alkyl (LEU 13), and an unfavorable acceptor-acceptor bond (HIS 9).
Finally, DSS was bound to HMG via a hydrogen bond (MET 336, VAL483 GLY 446) and
carbon hydrogen bond (CLY 484), with the AG value at —5.0 kcal/mol. In summary, the
docking results predict DSS as having a favorable binding to DNAT-1, which has a higher
affinity than other proteins. The interaction between DSS and DNAT-1, as Figure 12A
displays, shows that the bond length between DSS, GLU 1329, and ALA 1587 was 2.61 and
2.85 A°®, respectively. The pi—sigma bond (LEU 15910) was 3.82 A°. Also, Pi-Alkyl (LEU
1594 and PRO1080) was 5.20 A° and 4.0 A°, respectively. Similarly, the interaction between
DSS and MS, as Figure 12B demonstrates, displays the bond length between DSS, Arg 1172,
and Ser 1179 was 2.29 A° and 2.72 A°, respectively. Also, interactions with TYR 1177 by
Pi-Pi stacked with bond lengths of 5.1 A° and Pi-Alkyl (PRO1178) of 5.01 A° were recorded.
Interestingly, the interaction between DSS and STAT-3, as Figure 12C displays, showed
the bond length between DSS with GLN 247, GLN326 GLU 324 and CYS 251 was 2.76 A°,
2.82 and 3.66 A°, respectively. Also, the bond length between DSS ALA 250 and ILE 258
was 4.7 and 2.76 A°, respectively. The interaction between DSS and TET-1, as Figure 12D
shows, indicates the bond length between DSS with HIS 9 and LEU 10 was 2.55 A° and
2.55 A®, respectively. Also, DSS interacts with LEU10 by Pi-sigma, with a bond length
3.92 A° and with LEU13 by Pi-Pi Pi-Alkyl bond, with a bond length of 4.59 A°. Finally, the
interaction between DSS and HMG, as shown in Figure 11E, displayed that the bond length
between DSS and MET 336, VAL483 and GLY 446 was 2.22, 2.42 and 2.14 A°, respectively.
Finally, the bond length between DSS and CLY 484 was 3.47 A°.
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Table 6. Two-dimensional interactions of DSS with DNMT-1, MS, STAT-3, TET-1, and HGM proteins.

Compound

Protein

AG

(kcal/mol)

2D
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Figure 12. Three-dimensional structure of molecular docking between DSS and target proteins.
(A) DNMT-1, (B) MS, (C) STAT-3, (D) TET-1, (E) HGM.
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3.5.2. ADMET and Drug-Likeness Properties

To certify that the DSS can be utilized as feasible drugs, Table 7 summarizes the rule of
Lipinski to determine the probability of DSS to be used as a drug. The molecular weight
of DSS was 471.518 g/mol, and the number of hydrogen bond acceptors and hydrogen
bond donors was 5 and 4, respectively. The synthetic accessibility of DSS is 1.91, which
indicates that the DSS can be easily synthesized according to the scale that ranges from 1
(easier to synthesize) to 10 (very difficult to synthesize). The bioavailability of the DSS was
0.56, which designates compliance with the Lipinski rule of five, and the rat bioavailability
value was 55%, which is compatible with the reference scale. Also, DSS is much safer
according to their interactions with CYP families, which are responsible for the metabolism
of DSS and include 1A2, 2C9, 2C19, 2D6, and 3A4. The table displays that DSS is a non-
toxic agent. The absorption is 41.774. Finally, DSS showed satisfactory physicochemical
and pharmacokinetic ADMET properties. Thus, on the basis of these outcomes, it can be
acknowledged as a potential feasible drug (Table 8).

Table 7. Predicted drug-likeness properties of DSS.

Absorption Distribution Metabolism
Intestinal
Compound Human CYP2D6  CYP3A4  CYP1A2 CYP2C19 CYP2C9 CYP2D6  CYP3A4 Total AMES
Absorption Logp Log$S Sub- Sub- Inl'libi- Inl}ibi- Inl:libi- Inl.1ibi- Inl}ibi- Clear- Toxicity
strate strate tior tior tior tior tior ance
Danshensu 41.771 0.0858 —1.40 No No No No No No No 0.444 No
Table 8. Predicted ADMET properties of DSS.
Molecular Synthetic Lipinski Drug
Compound . HBA HBD mlogP 11s Bioavailabilit . . .
P Weight 8 Accessibility Y Violation Likeness
Danshensu 470.518 g/mol 5 4 —0.04 191 0.56 0 Yes

4. Discussion

Nonalcoholic fatty liver disease (NAFLD) is a major hepatic disorder occurring in
non-alcohol-drinking individuals [1]. Nowadays, it is a global medical issue, and more
than 25% of the general population worldwide suffers from NAFLD [59]. Epigenetic modi-
fications combined with NAFLD are related to type 2 diabetes mellitus and other metabolic
diseases [60,61]. Physiological changes in adolescence in short intervals contribute to
dysmetabolism, which may lead to early liver damage [62]. Hyperlipoproteinemia is an
abnormal overproduction of lipoproteins in the bloodstream due to a lack of dyslipidemia,
which leads to a raised lipid level inside blood vessels and causes atherosclerosis [63].
Medicinal plants are the heart of traditional medicine, which are considered a valuable
source of therapeutic agents for a wide range of diseases [64]. Nowadays, scientists are
interested in medicinal plants” antioxidant properties because of their superior effective-
ness, safety, and consumer acceptability [65]. 3-(3, 4-dihydroxyphenyl)-(2R) lactic acid, or
salvianic acid A (DSS), is derived from the root of Danshen (Salvia miltiorrhiza) [66]. Past
articles have demonstrated the magnificent role of DSS as an anti-iron overload agent and a
heart and liver protective agent [67-69]. The DSS mechanism depends upon antioxidation,
anti-apoptosis, vasodilation, and inflammation regulation and lipidemia control occurring
via signaling pathways, such as PI3K/Akt-ERK1/2/Nrf2/HO-1, Bcl-2/Bax, and eNOS [66].
Previous research has highlighted the role of L. acidophilus in the treatment of obesity,
as well as a 3-week intake of probiotics (L. acidophilus SGL11, 1.5 x 10'° colony-forming
units (CFUs)) capable of modulating body composition, gut bacterial composition, and
psychopathological status in 60 obese and pre-obese women [70]. There are different
classes of probiotics, including Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria,
and Verrucomicrobia, but Bacteroidetes are the dominant strain. Probiotics, opportunistic
pathogens, and pathogenic bacteria are the three types of GM. The balance between probi-
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otics and pathogenic bacteria protects the intestinal mucosal barrier, improves metabolism
and immunity, and helps the body intake nutrients, as well as resisting pathogenic microor-
ganisms that attack the body [71]. Furthermore, the Lactobacillus strains have had a great
effect on reducing obesity, insulin resistance, and pro-inflammatory responses [72]. The
administration of a probiotic bacterium associated with Danshensu revealed an increase in
hydroxyl radical removal activity in the current study. In this work, the Danshensu extracts
combined with probiotics (L. casei and L. acidophilus) scavenged the NO, which reduced the
chromophore formation and decreased the absorbance as the concentration of the plant
extract increases. LPO production may lead to significant biological damage [63]. Scientists
have shown that LPO is the main reason for oxidative stress (OS), leading to different
diseases such as cardiovascular disease and cancer. Also, the generation of malondialde-
hyde (MDA) occurs through a set of chemical reactions [64]. In the present work, the LPO
value was significantly suppressed by all the extracts in cooperation with L. casei and L.
acidophilus. Thus, 50 mg/kg/day of Danshensu mixed with L. casei or L. acidophillius at a
concentration of 2 x 108 CFU/mL clearly corroborates the efficacy of Danshensu combined
with probiotics as a promising source of LPO inhibition [73]. In the present work, the
LPO value was significantly suppressed by all the extracts in cooperation with L. casei
and L. acidophilus. Previous studies highlighted the greater role of the lyophilized L. casei
IMVB-7280 as an anti-obesity agent than that of the lyophilized Bifidobacterium animalis
VKB and VKL strains [74]. Interestingly, it reduces the Firmicutes to Bacteroidetes ratio
and the expression of angiotensin-converting enzyme (ACE) to prevent metabolic-related
hypertension [75]. Table 2 in this report demonstrates that elevated LDL-C and TC con-
centrations were accompanied by lower high-density lipoprotein levels, as compared to
the process of atherosclerotic lesions [75]. In a previous report, it was mentioned that
the high-fat-diet rats significantly increased the values of TC, LDL, VLDL, and TGs in
the blood serum and also significantly decreased the level of HDL in the serum [76]. In
this study, the Danshensu extract could be modified and improved to improve the lipid
profile, which was quite comparable with another study [77]. Changes in oxidative stress
parameters, such as SOD and reduced GSH, can cause ROS production, which leads to
mediated damage [78]. As displayed in Table 3, the oxidative stress parameter (SOD, GSH,
and NO) levels were significantly elevated (p < 0.05) in the serum, heart, and liver of
high-fat-diet rats in comparison to those of the normal control group. Previous research
also demonstrated that hypercholesterolemia suppresses the antioxidant defense system
by reducing the activities of SOD and catalase in rats [78]. SOD and catalase enzymes
have a significant role in the antioxidant defense mechanism [79]. Previous research has
highlighted the role of L. acidophilus in the treatment of obesity, as well as a 3-week intake
of probiotics (L. acidophilus SGL11, 1.5 x 10'° colony-forming units (CFUs)) capable of
modulating body composition, gut bacterial composition, and psychopathological status
in 60 obese and pre-obese women [80]. By studying HMG-CoA reductase, which con-
trols and regulates the production and metabolism of cholesterol and lipids, we hope to
gain a better understanding of how Danshensu extracts combined with probiotics work
as antihyperlipidemic activity agents. Inhibition of the HMG-CoA reductase enzyme is
the prime step in treating hyperlipidemia [81]. The data revealed an inhibitory effect of
the Danshensu extract combined with probiotics on HMG-CoA reductase compared with
the control. Also, the hepatic and fecal lipids and fecal bile acid levels in the hyperlipi-
demic control group showed a significant increase when compared with the normal control.
Previous reports demonstrate that lipid drops are usually the result of aggregation in
hepatic tissue, called hepatic steatosis, under the progress of atherosclerosis, especially at
the hyperlipidemia stage. SOD and catalase enzymes, on the other hand, help to reduce
excess lipid drops [76,79]. Also, the hepatic and fecal lipids and fecal bile acid levels in
the hyperlipidemic control group showed a significant increase when compared with the
normal control. Previous reports demonstrate that lipid drops are usually the result of
aggregation in hepatic tissue, called hepatic steatosis, under the progress of atherosclerosis,
especially in the hyperlipidemia stage. SOD and catalase enzymes, on the other hand, help
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to reduce excess lipid drops [74,75]. In our study, our data emphasized that treatment with
the Danshensu extract keeps the hepatocytes in a normal state via a reduction in excess lipid
formation in high-fat-diet rats. Previous studies indicated the crucial role of Danshensu
in humans and animals in modulating liver injury, especially reversing liver fibrosis. It
regulates the immunologic functions of hepatic NK cells during liver fibrosis. Interest-
ingly, in addition to directly inhibiting HSC activation, promoting NK cell activity might
also be one of the anti-fibrotic mechanisms [80]. Furthermore, histology of the kidney in
high-cholesterol-fed (HCF) rat models revealed widening of Bowman’s space area, severe
hemorrhages in glomeruli, intertubular hemorrhages, and mild dilatation, which could
have resulted in the structural changes seen in the glomerulus [81], as shown in Figure 6B.
These observed pathological changes were decreased by a combined probiotic associated
with SME-treated HCF rats (Figure 8E,F). The glomeruli were revealed to be normal with
mild hemorrhages because of the protective effect of Danshensu. Danshensu can decrease
the GFR, which is responsible for the narrowing of the Bowman'’s space in the glomerulus.
The change in the structure of the rat’s pancreatic tissue cells was due to an elevation in
lipid levels (Figure 8A). The function of pancreatic stellate cells is activated, which initiates
the processes of free fatty acid (FFA) and lipid peroxide synthesis. It also aids in the process
of pancreatic fibrogenesis [63]. Fibrosis is carried out in an extracellular matrix, in which
the acinar cells disappear. The administration of Danshensu extract-associated probiotics de-
creased the progression of fibrosis, which contributes to protecting the pancreatic cells from
damage (Figure 9E,F). Importantly, coronary artery disease is classified as the main reason
for death. The overproduction of TG-rich lipoproteins in the liver may lead to hypertriglyc-
eridemia, which is associated with decreased HDL-c and increased cholesterol levels [81].
The histological observations of the coronary artery vessels after treatment of HCF with
the extract of Danshensu combined with a probiotic showed a regular arrangement of the
endothelial lining with the accumulation of a few fat droplets (POE-F). DNA methylation
has a crucial role in the epigenetic process because it plays a significant role in multige-
netic processes, like transcription and development. DNA methylation is defined as the
transformation process of a methyl group onto the C5 position of 5'-CpG-3’ dinucleotides
to form 5-methylcytosine (5 mC). The process is catalyzed by a specific enzyme called
DNA methyltransferase (DNMT), while S-adenosyl methionine (SAM) works as an active
methyl donor. The balance between DNA methyltransferases and demethylases is vital for
genomic methylation homeostasis. Imbalances in genomic methylation homeostasis will
cause many different diseases [82]. In our study, the activity of Danshensu extract combined
with different probiotics decreased to half the value as compared to the positive control, as
shown in the figure. Similarly, the methionine synthase MS gene showed that the activity
of Danshensu alone and Danshensu associated with different probiotic Groups 4, 5, and
6 was downregulated by 40, 50, and 55%, respectively, when compared to the positive
control. TET-1 is a hallmark of the demethylation process. The treatment of Danshensu
alone or associated with different probiotics activates gene expression with 65, 75, and 78%
in Groups 4, 5, and 6, respectively, when compared to the positive control (Group 2). The
suppression of hepatic STAT 3 through Danshensu alone or in combination with different
probiotics prevented NAFLD-induced liver fibrosis and diminished lipotoxicity [83]. Pre-
vious articles documented that the association between blueberries and probiotics (BP)
can effectively dampen liver inflammation; hence, scientists recently targeted STAT3 to
ameliorate fatty liver disease [83]. Also, STAT-3 acts as a critical anti-inflammatory sig-
nal to control NAFLD-induced liver inflammation and fibrosis [84]. The in silico study
confirmed the activity of the DSS to interact with the DNMT-1, MS, STAT-3, TET-1, and
HMG with hydrogen bond interaction with a good AG, equal to —5.9, —5.7, —5.3, —4.0,
and —5.0 for DNMT-1, MS, STAT-3, TET1, and HMG, respectively. Interestingly, ADMET
and drug-likeness properties certify that the Danshensu can be utilized as feasible drugs
because Danshensu showed satisfactory physicochemical and pharmacokinetic ADMET
properties. Finally, on the basis of these outcomes, it can be acknowledged that Danshensu
has an ameliorative effect against methylation inhibitors in nonalcoholic fatty liver disease
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by decreasing the methylation activity genes. We recommend that Danshensu should be
studied in depth, particularly the mechanism of restoration for the liver tissues” texture
and advanced study so that it can be applied as a novel drug.

5. Conclusions

In this study, we investigated the activity of Danshensu combined with different
probiotics, such as L. casei and L. acidophilus, as an anti-methylation as well as antioxidant
agent. We orally administered 2 x 10% CFU/mL mixtures with Danshensu (50 mg/kg/day)
to the rats after feeding them a high-cholesterol diet for 4 weeks. The results showed a
significant reduction in the lipid blood test profiles as well as TBARS, which refers to the
lipid peroxidation, and an increase in antioxidant markers, such as SOD, NO, and GSH.
Also, it has an inhibitory effect on HMG-CoA reductase. The efficiency of Danshensu to
block the methylation activity in DNMT-1, MS, TeT-1, and Stat-3 genes was outlined. The
hepatic and fecal lipids and fecal bile acid levels were increased when compared with the
normal control. The histopathological study and observation showed that the HCF- and
Danshensu-treated group’s revealed a clear architecture in the liver, kidney, pancreas, and
coronary blood vessels. Further studies are needed to study the bioactive compounds in
depth and the elucidation of their molecular mechanisms.
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