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Hepatic fibrosis (HF) is a typical consequence of various chronic liver diseases, and there is still no ideal
drug for its treatment. Yinchen Wuling Powder (YCWLP), a famous traditional Chinese medicine prescrip-
tion, is effective for the treatment of icteric hepatitis, hepatic fibrosis, non-alcoholic fatty liver disease
and other liver diseases in clinical practices, however, the underlying mechanisms of YCWLP on HF is
still unclear. In this study, '"H NMR and MS-based metabolomics analysis along with body weight change,
serum liver function indexes, serum liver fibrosis index and histopathological observations of liver were
applied to evaluate the therapeutic effect of YCWLP on hepatic fibrosis and the mechanism associated
with this. The results of the pharmacodynamics study show that YCWLP has a significant therapeutic
effect on hepatic fibrosis. As for the metabolomics research, 7 metabolites in the plasma samples, 28
in the urine samples and 6 in the liver samples were significantly altered due to the protective effect
of YCWLP on CCls-induced hepatic fibrosis. These endogenous metabolites are involved in amino acid
metabolism, carbohydrate metabolism, glycerophospholipid metabolism and gut bacteria metabolism.
These findings suggest that YCWLP could treat hepatic fibrosis by promoting urea circulation and reduc-
ing blood ammonia accumulation, improving carbohydrate metabolism and reducing oxidative stress,
improving glycerophospholipid metabolism and protecting cell membrane, and regulating intestinal flora
metabolism.
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1. Introduction

Hepatic fibrosis is the result of the damage-repair reaction of
the liver caused by various pathogenic factors. Its main pathologi-
cal change is the excessive deposition of extracellular matrix (ECM)
in the liver. If not treated in time, it will progress to decompensated
cirrhosis and arise a variety of end-stage liver complications, which
seriously affect the health of patients and even threaten their lives.
Therefore, the treatment of hepatic fibrosis is particularly impor-
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tant. Since the 1990s, the progress of pathological research suggests
that hepatic fibrosis is reversible [1]. It is possible to delay and
reverse hepatic fibrosis, even early cirrhosis, if timely treatment is
taken according to the etiology or inhibiting the synthesis and pro-
moting the degradation of ECM in the liver. Although the modern
pharmacological research of anti-hepatic fibrosis has been carried
out for many years, there is still no ideal drug for the treatment of
hepatic fibrosis.

Traditional Chinese medicine (TCM) has been used to treat liver
diseases for thousands of years. Many years of clinical trials have
proved that Chinese herbal medicine, especially TCM prescription,
has a good anti-hepatic fibrosis effect, and has less toxic and side
effects. Yinchen Wuling powder (YCWLP) is a famous TCM prescrip-
tion with along history. According to Synopsis of the Golden Chamber
written by Zhang Zhongjing, a famous physician in the Eastern Han
Dynasty, YCWLP has the effect of removing jaundice and elimi-
nating dampness and composed of 6 herbal materials, including
Artemisia Capillaris Herba, Polyporus Umbellatus, Alismatis Rhizoma,


https://doi.org/10.1016/j.jpba.2021.114073
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2021.114073&domain=pdf
mailto:lab433@163.com
mailto:wangmiao_77111@hotmail.com
https://doi.org/10.1016/j.jpba.2021.114073

Y.Zhang, M. Zhao, Y. Liuetal.

Atractylodes Macrocephalae Rhizoma stir-fried with wheat bran, Poria
and Cinnamomi Ramulus [2]. Clinically, it is mainly used in the treat-
ment of neonatal jaundice [3], icteric hepatitis [4], liver ascites [5],
hepatic fibrosis [6], non-alcoholic fatty liver disease [7] and other
diseases. Modern pharmacological experiments and clinical trials
have also confirmed the hepatoprotective effect of YCWLP [8,9], but
its hepatoprotective mechanism is still unclear.

Metabolomics is a method for analyzing the dynamic and
multi-channel metabolic response of organisms or cells under a
specific physiological period. It involves the use of advanced high-
throughput analytical chemistry techniques to characterize small
molecular metabolites (molecular weight 100—1000) in biologi-
cal fluids or tissues [10]. TCM is a complex system composed of
multiple components, which can interfere with multiple targets
of the body’s metabolic network at the overall level [11]. There-
fore, the systematic and holistic characteristics of metabolomics
are suitable for the analysis of metabolic changes in the process
of TCM intervention, and help to clarify its therapeutic mecha-
nism. At present, nuclear magnetic resonance (NMR) and liquid
chromatography-mass spectrometry (LC-MS) are common analyt-
ical techniques in metabolomics study. LC-MS is widely used in
the study of unknown components in complex metabolomics sam-
ples due to its high sensitivity and strong separation ability [12].
However, MS has the following disadvantages: it can only detect
ionizable compounds, has a matrix effect, and lacks robustness and
repeatability. NMR is widely used in metabolomics because of its
robustness, non-invasive, non-biased and short analysis time [13].
However, NMR method also has some shortcomings, such as low
sensitivity and limited dynamic range. Therefore, in order to make
up for the deficiencies, the combination of NMR and MS has become
the most powerful tool in metabolomics analysis [14,15].

In this study, we used "H NMR and MS-based metabolomics
combined with multivariate data analysis to explore the protec-
tive mechanism of YCWLP on CCl4-induced hepatic fibrosis in rats.
Moreover, potential biomarkers were screened in plasma, urine and
liver samples for disease diagnosis and treatment evaluation. This
study aims to assess the rationale of YCWLP in treating hepatic
fibrosis and enhance its clinical use.

2. Material and methods
2.1. Drugs and chemicals

Artemisia Capillaris Herba (batch number: 190301), Polyporus
Umbellatus (batch number: 1808079), Alismatis Rhizoma (batch
number: 190705), Atractylodes Macrocephalae Rhizoma stir-fried
with wheat bran (batch number: 1906091), Poria (batch number:
190601) and Cinnamomi Ramulus (batch number: 190401) were
purchased from Shenyang Guoyaoda Pharmacy (Shenyang, China)
and authenticated by Prof. Jia from Shenyang Pharmaceutical Uni-
versity (Shenyang, China). Silymarin (batch number: B1802965)
was purchased from MADAUS GMBH (Cologne, Germany).

Sodium 3-trimethylsilyl-propionate [2,2,3,3,d4] (TSP) and
deuteroxide (D,0) were purchased from Merck Drugs & Biotech-
nology (Germany). Heparin sodium was provided by National
Pharmaceutical Group Rongsheng Pharmaceutical Co., Ltd (Henan,
China). Acetonitrile (HPLC grade) and formic acid (LC/MS grade)
were obtained from Fisher Inc. (Town, USA). Analytical grade dis-
odium hydrogen phosphate, disodium hydrogen phosphate and
formaldehyde were purchased from Kemeo Regent Co., Ltd (Tian-
jin, China). Purified water was purchased from Wahaha Co., Ltd.
(Hangzhou, China). Hyaluronidase (HA), laminin (LN), type IV col-
lagen (CIV), N-terminal propeptide of procollagen type III (PIIINP)
assay ELISA kits were provided by Meimian Industrial Co., Ltd.
(Jiangsu, China).
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2.2. Preparation of YCWLP suspension

All crude drugs were ground into powder and then sieved
through a 60 mesh stainless steel sieve. According to the records
of Synopsis of Golden Chamber, YCWLP was prepared by mix-
ing Artemisia Capillaris Herba, Polyporus Umbellatus, Alismatis
Rhizoma, Atractylodes Macrocephalae Rhizoma stir-fried with
wheat bran, Poria and Cinnamomi Ramulus at the weight ratio of
32:3:5:3:3:2 in powder form. The suspension (0.1 g/mL) was pre-
pared by mixing YCWLP with normal saline, and used to feed rats
in subsequent experiments. Before administration, the suspension
was vortex mixed.

2.3. Animals and treatment

Male Sprague-Dawley rats (200+20g) were supplied by
the Experimental Animal Center of Shenyang Pharmaceutical
University (Liaoning, China). Animals were maintained in an
environmentally controlled room under controlled temperature
(20—-25°C) and relative humidity (40-70 %) with a 12 h light/dark
cycle, and free access to standard diet and water. All rats were accli-
mated for 7 days prior to the experiment. All animal protocols in this
study were approved by the Medical Ethics Committee of Shenyang
Pharmaceutical University and in accordance with the guidelines
of the National Institutes of Health on Animal Care (2004).

After acclimatization, twenty-four rats were randomly divided
into four groups with six rats each: the control group (CON), the
hepatic fibrosis group (HF), the YCWLP treatment group (YCWLP,
2g/kg/d) and the positive group treated with silymarin (SYM,
50 mg/kg/d). The rats in the HF, YCWLP and SYM groups were orally
administrated with 40 % (v/v) CClg in soybean oil (2 mL/kg) twice a
week for 13 weeks, while the CON group were administered with
the same dose of soybean oil. Since the 6th week, the rats in the
YCWLP group and SYM group were treated with YCWLP suspen-
sion (0.1 g/mL) and silymarin suspension (0.1 g/mL) respectively
once daily for 8 weeks, while other rats were given the same dose
of normal saline at the same time.

2.4. Sample collections

Urine (from 8:00 am to 8:00 am on the next day) and plasma
samples were collected at the end of the 7th week, 9th week, 11th
week, 13th week. Urine samples were collected using metabolism
cages and transferred to a 4 °C refrigerator every 6 h, all urine of
each rat was mixed evenly after collection. Plasma samples were
obtained from the orbital venous plexus and transferred to Eppen-
dorf tubes containing heparin sodium. All the urine and plasma
samples were centrifuged at 1,100g for 15min and the super-
natants were stored at -80 °C for metabolomics analysis.

At the end of the administration, all animals were anesthetized
after an overnight fast. Then the rats were weighed and subjected
to blood collection by puncturing the abdominal aorta. The serum
samples were obtained by standing at 4 °C for 2 h and centrifuged at
1,100 g for 15 min, and the supernatants were collected for pharma-
codynamic analysis. The liver of each rat was removed and divided
into two parts. One part was immediately snap-frozen in liquid
nitrogen and stored at -80°C for metabolomics analysis and the
other part was fixed in 10 % formaldehyde for hematoxylin and
eosin (H&E) staining.

2.5. Assessment of hepatic fibrosis

The body weight of each animal was monitored once a week.
The liver tissues were fixed in 10 % formaldehyde for 24 h, embed-
ded in paraffin and sectioned into 5 pum sections, then stained with
hematoxylin-eosin. The morphological alterations of liver tissue
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were assessed under a biological microscope by an independent
researcher who was blinded to this study protocol.

Serum liver function index including alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were carried out by the
General Hospital of the northern theater of the Chinese people’s
Liberation Army. Serum liver fibrosis index including HA, LN, CIV
and PIIINP were determined using the commercially available kits
according to the manufacturers’ instructions.

2.6. 'H NMR metabolomics analysis

First, all samples were thawed at room temperature before
analysis. 1.5g liver sample of each rat was homogenized with
5 mL normal saline above the ice-water bath and centrifugated at
11,600 g for 10 min at 4 °C, then take the supernatant as the liver
homogenate solution. Thereafter, 400 L liver homogenate solu-
tion was mixed with 200 wL phosphate buffer (NaH,PO4-Na;HPO4,
0.2M, pH 7.4) and centrifuged again at 11,600g for 10 min at 4
°C. Finally, 450 p.L supernatant was mixed with 100 wL TSP D,0
solution (1.0 mg/mL) and transferred to a 5 mm NMR tube for the
metabolomics analysis. The preparation of plasma samples was the
same as that of liver homogenate solution, except that the dosage of
TSP D,0 solution was 200 L. Regarding the urine samples, 500 L
of each sample was mixed with 100 L phosphate buffer solution.
Other treatments were the same as liver homogenate solution.

All NMR data were collected by Bruker AV 600 MHz supercon-
ducting Fourier transform NMR spectrometer (Bruker, Germany).
At 298.2K, plasma and liver samples were analyzed using Carr-
Purcell-Meiboom-Gill spectra, urine samples were processed with
aone-dimensional water presaturated standard NOESYPR 1D pulse
sequence. Water peak was suppressed using a pre-saturation
method. Deuterium (D,0) + water (H,0) was used for field fre-
quency locking, and TSP was used as the chemical shift reference
(1H, 0.00 ppm). 'H NMR spectra were measured with 64 scans into
64 K data points over a spectral width of 12,019 Hz and a relaxation
time of 2 s. An exponential function corresponding to a line broad-
ening factor of 0.3 Hz was applied to all acquired free induction
decays (FIDs) before Fourier transformation.

The data was analyzed using MestReNova 6.1.1 software
(Mestrelab Research, USA). Each spectrum was manually phased
and baseline corrected, the shape and chemical shift of TSP were
used as the reference to adjust the phase and specify the zero point.
The integral interval was § 0 ~ 10.0 with an integral spacing of
0.04 ppm, the integral value of § 4.7-5.2 was removed in order to
eliminate the influence of the water peak, while the integral value
of § 5.6 ~ 6.2 was also removed in the urine to eliminate the influ-
ence of the urea peak. After normalization, the data were imported
into SIMCA-P 13.0 (Umetrics, Umea, Sweden) for multivariate data
analysis.

2.7. UPLC-MS metabolomics analysis

After thawing, 200 L plasma sample of each rat was mixed with
600 L pre-cooled acetonitrile, vortexing, and then centrifuged at
11,600 g for 10 min at 4 °C to obtain the supernatant. In the case
of liver tissues, 100 L liver homogenate solution was mixed with
600 L pre-cooled acetonitrile, other treatments were the same as
plasma sample. For the urine samples, 400 L urine was diluted
at a ratio of 1:1with pre-cooled water, vortexing, and then cen-
trifuged at 11,600g for 10 min at 4 °C. Finally, all the obtained
supernatants were filtered with 0.22 wm microporous membrane
filters for UPLC-MS analysis.

The UPLC-MS analysis was achieved by Waters ACQUITY UPLC
system (Waters Corp., Milford, USA) equipped with a Universal XB
Cyg column (150 mm x 2.1 mm, 1.8 um; Kromat, USA). The mobile
phase comprised 0.1 % (v/v) formic acid-water (A) and 0.1 % (v/v)
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formic acid-acetonitrile (B), the flow rate was set at 0.2 mL/min and
the elution procedures are shown in Table S1. The column temper-
ature was 35 °C and the injected volume of each sample was 5 L.
MS analysis was performed by a Waters Quattro mass spectrometer
coupled with a triple quadrupole mass analyzer (Waters Corp., Mil-
ford, MA, USA) in positive mode, and full scan mode was used with a
range of 100—1000 Da. The parameters were set as followed: cone
voltage, 35V; capillary voltage, 3.2kV; desolvation temperature,
350°C; source temperature, 120 °C; desolvation flow rate, 600 L/h;
cone gas flow rate, 50 L/h; collision energy, 10—-30eV.

Quality control (QC) samples were prepared by mixing equal
volume of all plasma samples, urine samples and liver homogenate
solutions, respectively. The repeatability was evaluated by injecting
QC samples six times. During the whole analysis process, QC sam-
ples were analyzed every six specimens to measure the stability of
the system. Six QC samples maintained at 4 °C for 24 h were ana-
lyzed to evaluate the post-preparative stability of the samples, and
the freeze-thaw stability was assessed by analysis of six QC samples
after three freeze-thaw cycles. The extracted ion chromatographic
peaks of six ions were selected for method validation. The relative
standard deviations (RSD) of the retention time (RT) and peak area
were calculated and listed in Table S2. All values are less than 15 %,
suggesting that the method is reliable.

The raw data were imported into Markerlynx V4.1 (Waters
Corp., Milford, USA) for peak deconvolution and normalization.
Then, a matrix of mass and retention time pairs with correspond-
ing peak areas for all the detected peaks was obtained, and the
matrix was imported into SIMCA-P 13.0 (Umetrics, Umea, Sweden)
for multivariate data analysis.

2.8. Multivariate data analysis

All normalized data were imported into SIMCA-P 13.0 (Umetrics,
Umea, Sweden), principal component analysis (PCA) and orthogo-
nal projection to latent structure discrimination analysis (OPLS-DA)
were performed to process the multivariate data analysis. The mod-
els were validated by the 7-fold cross-validation method and the
permutation test (999 permutations). Plasma and urine samples at
different time points were used for OPLS-DA metabolic trajectory
analysis, to observe the time-dependent changes of YCWLP in the
treatment of hepatic fibrosis. Loading plots were used to screen key
metabolites between the CON and HF groups and between the HF
and YCWLP groups, respectively. The key metabolites were selected
according to the variable importance in projection (VIP) values
(>1.2) from the OPLS-DA analysis and the p-values (<0.05) from
the Student’s t-test, and were identified by matching the chemical
shift ('H NMR) and the m/z (UPLC-MS) with the related literature
[16-27] and available databases such as HMDB (http://www.hmdb.
ca), MassBank (http://www.massbank.jp), METLIN (http://metlin.
scripps.edu) and KEGG (http://www.genome.jp).

2.9. Screening for potential biomarkers and pathway analysis

The therapeutic effect of YCWLP is mainly reflected in its
regulation of potential biomarkers of hepatic fibrosis. Thus, the
metabolites with statistically significant changes both between
the CON group and the HF group and between the HF group and
the YCWLP group were regarded as key biomarkers regulated by
YCWLP. Furthermore, SPSS 19.0 (Chicago, IL, USA) was used to per-
form receiver operating characteristic (ROC) curves, which were
used to evaluate the predictive ability of metabolites. Metabolites
with area under curve (AUC) > 0.85 were considered as potential
biomarkers with excellent performance.

Finally, the potential biomarkers were imported into MetaboAn-
alyst 5.0 (http://metpa.metabolomics.ca) to analyze the metabolic
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Fig. 1. Assessment of hepatic fibrosis in rats. (a) The changes of body weight during the experimental course (n=6); (b) Serum ALT and AST after 8 weeks of YCWLP or SYM
treatment (n=6); (c) Serum HA, LN, CIV and PIIINP after 8 weeks of YCWLP or SYM treatment (n=6); (d) Histopathological changes in rat livers among the CON, HF, YCWLP
and SYM groups, stained with H&E (400x ). ** represented significantly different with the CON group (p-value<0.01); ## represented significantly different with the HF group

(p-value<0.01).

pathways involved. Metabolic pathways with p-value < 0.05 and
impact-value > 0.10 were considered as potential pathways.

2.10. Statistical analysis

Data were analyzed by one-way ANOVA with Bonferroni’s mul-
tiple comparisons test and Student’s t-test using SPSS 19.0 (Chicago,
IL, USA). p-value <0.05 was considered statistically significant.

3. Result
3.1. Assessment of hepatic fibrosis

In the whole process of the experiment, the weight growth
trends of hepatic fibrosis groups were significantly slower than
that of the CON group, which indicated that the establishment of
the hepatic fibrosis model might be successful. The body weights
of HF, YCWLP and SYM groups were similar in the first nine weeks.
From the 10th week, the body weight of the HF group was gradually
decreased, while the YCWLP group and SYM group were gradually
showed an upward trend similar to the CON group (Fig. 1a).

The result of H&E staining showed that the morphology and
structure of hepatic lobules in the CON group were complete, and
the cytoplasm of hepatocytes was homogeneous without degen-
eration and necrosis. While for the HF group, the structure of
hepatic lobule was destroyed, and there was obvious inflammatory
infiltration, vacuole-like lesions, hepatic degeneration, necrosis
and extensive hepatic fibrosis. Compared with the HF group, the
vacuole-like lesions and necrosis of hepatocytes in the YCWLP
group and SYM group were ameliorated, the cytoplasm was uni-
form, and the fibrotic grade was significantly lower (Fig. 1d).

The levels of ALT and AST in serum increased significantly in rats
treated with CCly; compared with that of the CON group. YCWLP
and SYM treatment reversed the CCly-induced changes in levels of

ALT and AST in serum significantly (Fig. 1b). HA, LN, CIV and PIIINP
are considered to be the most convenient and reliable indicators to
reflect the degree of hepatic fibrosis. The results showed that the
serum HA, LN, CIV and PIIINP levels were significantly increased
in the HF group compared to the CON group, and the YCWLP and
SYM treatment could significantly reverse all these four hepatic
fibrosis indexes in serum (Fig. 1¢). The results above indicate that
YCWLP can protect hepatocytes and has a certain therapeutic effect
on CCl-induced hepatic fibrosis.

3.2. Representative ! H NMR spectra and total ions
chromatographs (TICs)

Typical 'H NMR spectra of the plasma, urine and liver samples
at the 13th week are shown in Fig. S1, and the detailed metabolite
assignments are listed in Table S3. A total of 41 plasma metabolites,
46 urine metabolites and 37 liver metabolites were assigned based
on the "H NMR spectra. Representative TICs of the plasma, urine
and liver samples at the 13th week were overlaid and shown in Fig.
S1, and the differences were easily observed.

3.3. Metabolic trajectory analysis

The metabolic trajectories of plasma and urine samples among
the CON, HF and YCWLP groups were analyzed at four time points
(7th week, 9th week, 11th week and 13th week) (Fig. 2). The trace
of metabolites clearly showed the time-dependent changes in dif-
ferent stages of treatment, and the arrow indicated the changing
trend of metabolic profile. Plasma and urine metabolic trajectories
of 'TH NMR and UPLC-MS showed that the CON group and HF group
were completely separated from the 7th week. The metabolic pro-
files of the YCWLP group and HF group were basically overlapped
at week 7, and showing a trend of separation from week 9, except
for the NMR metabolic trajectories of urine, in which the YCWLP
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Fig. 2. The metabolic trajectory analysis of the plasma and urine samples among the CON, HF and YCWLP groups based on the OPLS-DA score plots. A, B, C denote: metabolic
trajectories from week 7 to week 9 (A), metabolic trajectories from week 9 to week 11 (B), metabolic trajectories from week 11 to week 13 (C). The green arrow represents the
CON group, the blue arrow represents the HF group, and the orange arrow represents the YCWLP group (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.).

group and HF group showed a trend of separation from week 11.
With the extension of treatment time, the degree of separation
gradually increased, and they were completely separated at the
11th week, except for the NMR metabolic trajectories of plasma,
in which the YCWLP group and HF group were totally separated at
week 13. In summary, the metabolic profiles of plasma and urine in
the YCWLP group reached the maximum separation from thatin the
HF group at week 13, which suggested that YCWLP could adjust the
changes of the metabolic profile in hepatic fibrosis rats. Therefore,
the plasma, urine and liver samples of the 13th week were selected
for multivariate data analysis and potential biomarker screening.

3.4. Metabolic profiling comparison between the CON and HF
groups

The PCA score plots (Fig. 3A, C) of both TH NMR and UPLC-MS
showed clear differences between the CON group and the HF group
in plasma, urine and liver samples, which indicated that the estab-
lishment of the hepatic fibrosis model was successful. Meanwhile,
the YCWLP group and the SYM group both showed a tendency to be
far away from the HF group, and showed a trend close to the CON
group except for the liver NMR plot, indicating that YCWLP and
SYM intervention induced metabolic profile changes in the hepatic
fibrosis rats. However, except for the plasma MS plot, the metabolic
profiles of the YCWLP group and SYM group moved in different
directions after treatment, which indicated that the mechanism of
YCWLP reversing metabolic abnormalities caused by hepatic fibro-
sis was not consistent with SYM.

OPLS-DA was performed to disclose the metabolic differences
among groups. The score plots (Fig. S2A, Fig. S3A) showed that the
HF group was clearly separated from the CON group, and Fig. 3B
and D showed the HF and YCWLP groups were obviously separated.
Loading plots were further used to expose the candidate biomark-
ers (Fig.S2C, Fig.S3C, Fig.S4B, Fig.S4D). Endogenous metabolites
with VIP>1.2 and p-value < 0.05 were the candidate metabolites
with significant changes.

As the results, 24 candidate metabolites in the plasma samples,
47 in the urine samples, and 24 in the liver samples significantly
altered between the CON group and the HF group were identi-
fied (Table S4). There were 17 candidate metabolites in the plasma
samples, 40 in the urine samples, and 10 in the liver samples signif-
icantly altered between the HF group and the YCWLP group (Table
S5). Besides, the parameters of 7-fold cross-validation (Table S6)
and permutations tests of PLS-DA (Fig. S2B, Fig. S3B, Fig. S4A, Fig.
S4C) demonstrated that the models could exert well explanation
and prediction.

3.5. Effect of YCWLP intervention on the metabolic profiles

The metabolites with statistically significant changes both
between the CON group and the HF group and between the HF
group and the YCWLP group were regarded as key metabolites of
YCWLP affecting hepatic fibrosis. A total of 47 key metabolites iden-
tified were known to be regulated by YCWLP, including 9 plasma
metabolites, 32 urine metabolites and 6 liver metabolites. Their
specificinformation is shown in Table 1. The heatmap was also used



Y.Zhang, M. Zhao, Y. Liu et al.

Plasma

@ CoN

o YW
*s™

W

Hvowe

=
to|1]
o

-15

-20
20 115 -10 -5 0 5
t[1]

80 60 -40 -20 0 20 40 60

t[1]

[ td

v

40 ®

20 (2\

D 3 2
=t 0 o
-}
20 (WA R
-40
-60 - T - -
=100 -60 =20 20 60

t[1]

Journal of Pharmac

eutical and Biomedical Analysis 200 (2021) 114073

. -
Urine Liver
@ CON @CoN
i 15 v
o5 10 o
5
| 0
5
-10
-15
=20 -20
40 -30 20 -10 0 10 20 30 25
1]
W -
10 W vowe 15 B vowe
A 10 g
5 ° = o
= ) = 3
g ° g0 H A
5 U 8 = \5/ °
-10
-10 18
-15 -20
40 -30 20 -10 0 10 20 30 20 -15-10 -5 0 5 10 15
t[1] t[1]
@ CON @ CON
e [ 3
bt 30 i
_ 10
(= =
=10 NG
L]
-30
-40 -50
60 -40 -20 0 20 40 60 -40 -20 0 20 40
t[1] t[1]
L -
Hyowe W vowe
g m » \
’ [\ | [*
— 20 - °
= 2 . % Z 10 .
S S *
< 2 \;} L 2 10 \‘j g
o
-60 -30
-100 . ; : y -

4100 60 20 20 60
t[1]

0 T
-80 -60 -40 -20 0

t[1]

Fig. 3. Multivariate data analysis of the plasma, urine and liver samples. (A) PCA score plots of the CON, HF, YCWLP and SYM groups based on 'H NMR spectra; (B) OPLS-DA
score plots of the HF and YCWLP groups based on 'H NMR spectra; (C) PCA score plots of the CON, HF, YCWLP and SYM groups based on UPLC-MS spectra; (D) OPLS-DA score

plots of the HF and YCWLP groups based on UPLC-MS spectra.

Liver —— wwrc
. Chol

Urine — SHydroxyindoleacetylglycine
Equol

Plasma S6-Epony-811Lcicospienos.
— S.6-Epoxy-8.1L14-cicosatricnoic aci
“ & Deosyribose
Spermi

Indole-3-propionic

3320

< -
2236
1152 ™ -
Arginine
biosynthesis
006800 (]
= Citratecycle
:% (TCAcycle)
~
e
21016
@ @
-2.100
-

. Arginine and proline metabolism

Glyoxylate and dicarboxylate metabolism

Alanine, aspartate and glutamate metabolism

Glycerophospholipid metabolisn

Phenylalaine metabolism

T T T T 1

0.2 03 0.4 05 0.6
Pathway Impact

B

Fig. 4. (A) Heatmap of the key metabolites of hepatic fibrosis affected by YCWLP. Red indicates up-regulated metabolites and blue indicates down-regulated metabolites.
(B) Meaningful pathways analysis based on potential biomarkers (p-value < 0.05, impact-value > 0.1). Bubble size is proportional to the impact of each pathway, and bubble
color denotes the significance from the highest in red to the lowest in white (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.).



Table 1
Summary of the key metabolites of hepatic fibrosis affected by YCWLP in the plasma, urine and liver samples.
Biological Detect  Metabolites E‘:\:ﬂntifm Measured mass ~ Fold change (Trend) Biological Detect  Metabolites Retentign Measured mass  Fold change (Trend)
matrices e(min) (m/z) matrices time(min) (m/z) T —
/Chemical shift HF/CON  YCWLP/HF /Chemical shift HF/CON  YCWLP/HF
(ppm) (ppm)
MS Indole-3-propionic 1.82 190.45 0.31(1*) 245(1#) MS 5-Hydroxyindole- 5.46 248.91 033 (1*)  2.60 (1##)
acid acetylglycine
MS Spermine 1.87 203.09 0.18 () 4.18 (1#) MS Cholic acid 13.23 409.37 2.56 (1%)  2.61 (1##)
MS Deoxyribose 1.82 269.65 026(1*) 232(1#) NMR Ornithine 1.84 (m) - 0.11(4*)  18.36 (1##)
Plasma MS 5,6-Epoxy-8,11,14- 9.49 343.13 0.32(,*) 1.86(1#) NMR y-Aminobutyrate 2.00 (m), 2.35 (t) - 020 (}*) 5.94 (1##)
eicosatrienoic acid
MS LysoPC (18:0) 17.62 546.36 034(1*) 1.59 (1#) NMR Acetamide 2.04(s) - 028 (1*) 3.04 (1##)
NMR VLDL 0.89 (bs) - 2.98(1**)  0.60 (|#) NMR L-Glutamine 214 (m), 431 (m) - 0.25(1*)  5.52 (1##)
NMR Citrate 2.57(d),2.70(d) — 0.60 (J**) 1.78 (1##) Urine NMR Acetoacetate 2.22(s) - 0.32(4%)  3.08 (1##)
NMR Glycerophos- 3.23(s) — 2.21(1*)  0.68 (|##) NMR Pyruvate 2.37(s) — 0.25 ({**)  4.93 (1##)
phocholine
NMR Glycerol 3.68(m),3.8(m) — 1.70(1*) 074 (J#) NMR Citrate 2.53 (d), 2.68 (d) - 017 (1**)  9.18 (1##)
MS Betaine 8.86 118.10 044(1%) 2.05(1#) NMR Dimethylamine 2.72(s) - 037 (1*)  3.15 (1##)
MS Taurine 2.70 126.08 0.31(4*)  2.61 (1##) NMR Glycine 3.57(s) — 0.38 (1) 3.67 (1##)
MS Pipecolic acid 10.84 130.07 042(1*) 1.92(1#) NMR Hippurate 4(d), 7.56 (1), 7.64 (t) — 029 (1**)  5.24 (1##)
MS Proline betaine 2.02 144.10 0.36 (4*) 1.85(1#) NMR Creatinine 4.05(s) — 0.23 ({**)  2.40 (1##)
MS 4-Guanidinobutanoic ~ 2.13 146.10 037 (1*)  3.05(1##) NMR Malate 431 (dd) - 023 (1*)  4.99 (1##)
acid
MS 3-Aminosalicylic acid ~ 3.79 153.95 0.43 (4% 1.88 (1##) NMR Nicotinamide 4.44 (s) — 0.19 (™) 4.95 (1##)
Urine MS L-Phenylalanine 2.69 166.25 0.68(1%)  1.54(1#) NMR Allantoin 5.4(s) - 027 (1*) 338 (1##)
MS Quinolinic acid 2.70 168.24 0.44(}™) 158 (1#) NMR Trigonelline 8.84 (m), 9.13 (s) - 0.21()*) 3.43 (1##)
MS Uric acid 2.28 168.97 0.60 (1) 3.01 (1#) MS Riboflavin 7.02 377.18 0.36 (V™) 2.19(1#)
MS Phenyl sulfate 8.60 174.89 0.26 (*)  3.59 (1##) MS Stearoylcarnitine 13.15 428.45 1.60 (1*)  0.60 (|##)
MS Phenylacetylglycine 6.22 194.38 033 (}*) 237 (1##) Liver MS LysoPC 16.59 542.23 149 (1%)  0.56 (L##)
(20:5(52,82,11Z,142,172))
MS Suberic acid 11.59 197.17 028 (1) 3.26 (1##) MS PE (20:1(11Z)/16:0) 17.03 746.72 499 (1*%) 042 (|##)
MS Kynurenine 7.51 209.41 0.16 (J**)  3.14 (1##) MS PC (18:1(92)/18:1(92)) 16.99 786.62 5.16 (1*%)  0.39 (| ##)
MS Pantothenic acid 8.60 220.64 0.30(4*)  3.20 (1##) NMR L-Arginine 1.73 (m) — 1.51 (1**)  0.40 (| ##)
MS Equol 12.19 243.19 048(1%) 213 (1#)

The peak area corresponding to the chemical shift value in bold was used to draw the heatmap. Italics indicate metabolites with AUC<0.85, and other metabolites were used for metabolic pathway analysis. “4” and “|” means
the metabolite is up-regulated and down-regulated. *p-value < 0.05, **p-value < 0.01, significant differences compared with the CON group. #p-value< 0.05, ##p-value < 0.01, significant differences compared with the HF group.
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to visualize the changes in the metabolites, which exhibited the
upregulated and downregulated metabolites in the plasma, urine,
and liver samples (Fig. 4A).

ROC curves were drawn to evaluate the identification ability of
key metabolites obtained from the above analysis. ROC curves of
key metabolites between the CON and HF groups and between the
HF and YCWLP groups were drawn, the metabolites with AUC val-
ues both greater than 0.85 were recognized as potential biomarkers.
As the result, except for indole-3-propionic acid and deoxyribose in
plasma, betaine, pipecolic acid, quinolinic acid and equol in urine, a
total of 41 metabolites (including 7 metabolites in the plasma sam-
ples, 28 metabolites in the urine samples and 6 metabolites in the
liver samples) were identified as potential biomarkers of YCWLP
affecting hepatic fibrosis (Fig. 5).

3.6. Metabolic pathway analysis

41 potential biomarkers were imported into the MetaboAna-
lyst 5.0 for pathway analysis. Pathways with a p-value < 0.05 and
an impact-value > 0.1 were considered as potential pathways that
YCWLP affecting hepatic fibrosis. Fig. 4B and Table S7 show that
there were seven primary disturbed pathways in HF rats treated
by YCWLP, involving: (1) arginine and proline metabolism, (2) gly-
oxylate and dicarboxylate metabolism, (3) arginine biosynthesis,
(4) alanine, aspartate and glutamate metabolism, (5) glycerophos-
pholipid metabolism, (6) citrate cycle (TCA cycle),(7) phenylalanine
metabolism.

4. Discussion

In this study, the protection of YCWLP on CCl4-induced hepatic
fibrosis was characterized by 'H NMR and MS-based metabolomics
analysis along with body weight change, serum liver function
indexes, serum liver fibrosis index and histopathological obser-
vations of liver. The results showed that YCWLP could effectively
increase the body weight and reduce the serum ALT, AST, HA, LN,
CIV and PIIINP of rats with hepatic fibrosis. The histopathological
analysis also showed that YCWLP could protect hepatocytes and
reduce the degree of hepatic fibrosis. By analyzing the significant
changes of metabolites among the CON group, HF group and YCWLP
group, we found that YCWLP can significantly correct the disorder
of seven metabolic pathways. A schematic diagram was drawn to
show therelationship between potential biomarkers and metabolic
pathways (Fig. 6).

4.1. Amino acid metabolism

YCWLP can affect four amino acid metabolic pathways, includ-
ing: arginine and proline metabolism; arginine biosynthesis;
alanine, aspartate and glutamate metabolism; phenylalanine
metabolism.

Arginine is one of the key compounds in the urea cycle and
the precursor of urea and nitric oxide (NO) [28]. When the liver
is injured, the content of arginine increases, accompanied by the
weakening of the urea cycle, leading to the accumulation of ammo-
nia [29]. Clinical studies have shown that hyperammonemia and
reduction of urea production are characteristic phenomena in
patients with liver cirrhosis [30]. Ornithine is a basic amino acid
produced by the catalytic decomposition of arginine by arginase,
and urea is also produced in this process. In addition, arginine can
also produce citrulline and release NO under the action of nitric
oxide synthase. The two reactions require the same raw materi-
als, so arginase and nitric oxide synthase will compete for arginine.
After CCl4 treatment, the activity of arginase decreased, and it was
due to the leakage of a large number of enzymes into the systemic
circulation, the release of lysosomal enzymes and the decrease of
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the concentration of IL-4 and IL-13 [31]. The diminished arginase
activity indicates that arginine metabolism turned to citrulline
synthesis [32]. Therefore, compared with the CON group, the L-
arginine level of the HF group was increased, while the ornithine
and metabolites of its downstream pathway were decreased in this
study. These results indicate that the urea cycle of CCly-induced
hepatic fibrosis rats was weakened, the toxic ammonia was accu-
mulated in a large amount, which will further damage the liver
tissue.

Glutamine is produced by glutamate and ammonia under the
catalysis of glutamine synthetase. It is the main way of ammonia
transportation and storage, and is very important for the body to
maintain nitrogen balance [33]. It has been reported that glutamine
could inhibit CCl4-induced hepatic fibrosis in mice and TGF-31
mediated epithelial-mesenchymal transition in mouse hepatocytes
[34]. Furthermore, glutamine and alanine are glycogenic amino
acids, which can be converted into glucose to supply energy when
carbohydrate is insufficient [35]. The dysfunction of glutamine
synthetase in the damaged hepatocytes will leads to the accu-
mulation of harmful ammonia in the blood, which can lead to
hepatic encephalopathy. Clinical studies showed that the levels of
glutamine and glutamate in patients with hepatic fibrosis were sig-
nificantly reduced [17]. In this study, the level of glutamine in the
HF group decreased significantly, which was consistent with the
literature.

Phenylalanine is an essential amino acid for the human body.
Most of it is oxidized to tyrosine by phenylalanine hydroxylase.
Together with tyrosine, it synthesizes important neurotransmit-
ters and hormones, and participates in glucose metabolism and
fat metabolism. The liver is the main place of phenylalanine
metabolism. When the liver is damaged, the enzymes needed for
phenylalanine metabolism are destroyed, resulting in the imbal-
ance of phenylalanine metabolism.

After the intervention of YCWLP, the level of L-arginine was
significantly decreased, while the level of 4-aminobutyrate, sper-
mine, ornithine, 4-guanidinobutanoic acid, L-glutamine, pyruvate,
citrate, L-phenylalanine and hippurate were significantly increased
(Fig. 6), which indicates that YCWLP can regulate the disorder of
the above four amino acids metabolic pathways in rats with hep-
atic fibrosis. Combined with the above analysis, it can be inferred
that the therapeutic effect of YCWLP on hepatic fibrosis is mainly
reflected in promoting the urea cycle, reducing blood ammonia
accumulation, and activating energy metabolism by regulating
amino acid levels.

4.2. Carbohydrate metabolism

YCWLP can affect two carbohydrate metabolism pathways,
including: tricarboxylic acid (TCA) cycle; glyoxylate and dicarboxy-
late metabolism.

The TCA cycle is not only an important pathway involved in
carbohydrate metabolism, but also a hub for the metabolism of car-
bohydrates, fat and amino acids [36]. Pyruvate is the product of the
second stage of glycolysis, which enters the mitochondrial mem-
brane under aerobic conditions, and decarboxylates to form acetyl
CoA under the action of the pyruvate dehydrogenase system, and
then enters the TCA cycle. It has been reported that the biolog-
ical function of mitochondria in the rats with CCl-induced liver
injury is damaged, the membrane stability is reduced, the energy
metabolism and oxidative phosphorylation are inhibited, leading to
abnormal liver energy metabolism [37]. Therefore, the metabolism
of pyruvate and TCA cycle will be disturbed in rats with hepatic
fibrosis. In this study, in the HF group, the contents of citrate and
malate, which are important intermediates of the TCA cycle, were
decreased as well as pyruvate, suggesting that the TCA cycle was
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down-regulated in the HF rats, and this may be related to mito-
chondrial dysfunction.

The metabolism of glyoxylate and dicarboxylate is related to the
oxidation reaction in vivo, and the disturbance of this metabolism
can indirectly lead to an abnormal TCA cycle [38]. Citrate, malate
and pyruvate were involved in the metabolism of both glyoxylate
and dicarboxylate and TCA cycle. The levels of these three sub-
stances decreased in the HF group, indicating that the carbohydrate
metabolism was abnormal in the HF group after CCly4 stimulation.

Glycine is synthesized by serine through the catalysis of related
enzymes, which plays an important role in energy storage. Oxida-
tive stress is the main pathogenesis of CCl4-induced hepatic fibrosis
in rats, and glycine is the precursor of the endogenous antioxidant
glutathione. Therefore, in order to eliminate endogenous oxidants
caused by CCly, the consumption of glutathione in liver is increased,
and the pathway of glutathione synthesis by glycine is enhanced.
This mechanism may be responsible for the decrease of glycine level
in the HF group.

YCWLP intervention can significantly increase the levels of
malate, citrate, pyruvate and glycine in urine and reverse the dis-
order of TCA intermediates (Fig. 6), which indicated that YCWLP
can restore the disorder of carbohydrate metabolism, regulate the
antioxidant capacity of hepatocytes and resist CCly stress response.

4.3. Glycerophospholipid metabolism

Phosphoethanolamine (PE) and phosphocholine (PC) are key
phospholipids of cell membrane [39], which are important inter-
mediates involved in the synthesis of the characteristic bilayer
structure of cells and regulate membrane integrity sensitivity to
oxidative stress. Free radicals produced by CCl4 can cause oxidative
damage, resulting in the destruction of cell membrane structure,
the disorder of choline and phospholipid metabolism, and the accu-
mulation of PE and PC in rats with hepatic fibrosis [40]. Therefore,
the contents of PE (20:1(11z)/16:0) and PC (18:1(9z)/18:1(9z))
in the HF group were significantly increased, which indicated an
altered membrane phospholipids metabolism, and denoting the
damage to the cell membrane.

Lysophosphatidylcholines (LysoPCs) are produced by phos-
pholipase A2 (PLA2) hydrolyzing oxidized phosphatidylcholine
in LDL, and play various roles in many biological processes.
Compared with the CON group, the content of saturated
LysoPCs (LysoPC (18:0)) in plasma of the HF group was
significantly decreased, while the content of polyunsaturated
LysoPCs (LysoPC(20:5(5Z,8Z,11Z,14Z,17Z))) in liver was signifi-
cantly increased, which was consistent with previous research
[41]. This trend is attributed to different mechanisms. Studies have
shown that CCl4 can increase the activity of PLA2 in the process
of liver cancer modeling [42], resulting in an increase of LysoPCs
content. On the other hand, LysoPCs can be produced by granu-
locytes through the release of reactive oxygen species (ROS), and
the stimulation of CCl4 can increase the oxidative damage of liver
tissue, which also leads to the increase of LysoPCs level. However,
hemolytic phospholipase D can increase the conversion of LysoPCs
to lysophosphatidic acid, thus reducing the content of saturated
LysoPCs in plasma [43]. This may explain the decrease of lysoPC
(18:0) and the increase of lysoPC (20:5 (5Z, 8Z, 11z, 14z, 17Z)) in
the HF group.

YCWLP can significantly inhibit the increase of PC (18:1(9z)
/18:1(9z)), PE (20:1(112)/16:0), LysoPC(20:5(5Z,8Z,11Z,14Z,17Z)),
and the decrease of LysoPC (18:0) induced by hepatic fibro-
sis (Fig. 6), and regulate the disorder of glycerophospholipid
metabolism, which may be one of the mechanisms of YCWLP in
the treatment of hepatic fibrosis.
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4.4. Gut bacteria metabolism

Studies have shown that the changes of microbial symbiotic
metabolites in mammals often denotes the destruction of the struc-
ture of intestinal microbiota [44]. It has been reported that liver
disease can cause changes in the intestinal flora, and the degree
of intestinal flora imbalance is closely related to the progress of
the liver disease [45]. Hippurate is formed by the combination of
glycine and benzoic acid in liver tissue, and its level is related to
the activity of intestinal flora [46]. In this study, the level of hippu-
rate in the HF group was significantly lower than that in the CON
group, indicating the disorder of intestinal flora in CCls-induced
hepatic fibrosis rats. After YCWLP treatment, the level of hippurate
increased significantly, which indicated that the therapeutic effect
of YCWLP on hepatic fibrosis might be due to its regulation of the
metabolism of intestinal flora.

5. Conclusion

In this study, "TH NMR and MS-based metabolomics analysis
along with body weight change, serum liver function indexes,
serum liver fibrosis index and histopathological observations of
liver were applied to evaluate the therapeutic effect of YCWLP
on hepatic fibrosis and the mechanism associated with this. The
results indicate that 7 metabolites in the plasma samples, 28 in
the urine samples and 6 in the liver samples were identified as
potential biomarkers of YCWLP affecting hepatic fibrosis, and these
metabolites were primarily involved in amino acid metabolism,
carbohydrate metabolism, glycerophospholipid metabolism and
gut bacteria metabolism. By explaining the biological significance
of these metabolic pathways, we found that YCWLP may treat CCly-
induced hepatic fibrosis through the following four aspects: (1)
promoting urea circulation and reducing blood ammonia accu-
mulation; (2) improving carbohydrate metabolism and reducing
oxidative stress; (3) improving glycerophospholipid metabolism
and protecting cell membrane; (4) regulating intestinal flora
metabolism. This study provides new insights into the hepatopro-
tective mechanism of YCWLP and lays a foundation for the further
development of YCWLP as a potential therapeutic strategy for hep-
atic fibrosis.
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