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ARTICLE INFO ABSTRACT
Keywords: Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver disorders
Diwuyanggan worldwide and had no approved pharmacological treatments. Diwuyanggan prescription (DWYG)

Non-alcoholic fatty liver disease

is a traditional Chinese medicine preparation composed of 5 kinds of herbs, which has been used
Metabolomics

. L. for treating chronic liver diseases in clinic. Whereas, the synergistic mechanism of this pre-
Disassembled prescriptions L. . A . A .
Combination mechanism scription for anti-NAFLD remains unclear. In this study, we aimed to demonstrate the synergetic
LC-MS/MS effect of DWYG by using the disassembled prescriptions and untargeted metabolomics research

strategies. The therapeutic effects of the whole prescription of DWYG and the individual herb
were divided into six groups according to the strategy of disassembled prescriptions, including
DWYG, Artemisia capillaris Thunb. (AC), Curcuma longa L. (CL), Schisandra chinensis Baill. (SC),
Rehmannia glutinosa Libosch. (RG) and Glycyrrhiza uralensis Fisch. (GU) groups. The high fat diets-
induced NAFLD mice model was constructed to evaluate the efficacy effects of DWYG. An
untargeted metabolomics based on the UPLC-QTOF-MS/MS approach was carried out to make
clear the synergetic effect on the regulation of metabolites dissecting the united mechanisms.
Experimental results on animals revealed that the anti-NAFLD effect of DWYG prescription was
better than the individual herb group in reducing liver lipid deposition and restoring the ab-
normality of lipidemia. In addition, further metabolomics analysis indicated that 23 differential
metabolites associated with the progression of NAFLD were identified and 19 of them could be
improved by DWYG. Compared with five single herbs, DWYG showed the most extensive regu-
latory effects on metabolites and their related pathways, which were related to lipid and amino
acid metabolisms. Besides, each individual herb in DWYG was found to show different degrees of
regulatory effects on NAFLD and metabolic pathways. SC and CL possessed the highest rela-
tionship in the regulation of NAFLD. Altogether, these results provided an insight into the
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synergetic mechanisms of DWYG from the metabolic perspective, and also supported a scientific
basis for the rationality of clinical use of this prescription.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is distinguished by overaccumulation of fat in the absence of excess alcohol consumption
or other liver disorders [1]. NAFLD is typically a progressive disease that can be associated with grievous complications like nonal-
coholic steatohepatitis, hepatocirrhosis and hepatocellular carcinoma, as well as increased liver-related mortality [2,3]. It is one of the
most frequent chronic liver diseases in the developed world, affecting approximately a quarter of the global population [4]. Currently,
there was no pharmacotherapy approved for this disease to date due to the complexity of NAFLD.

Traditional Chinese medicine (TCM) prescriptions are normally used with the combination of multiple herbs [5]. The resulting
mixture of herbs follows the principle of combined utilization that implies maximization of the efficacy and minimization of the
adverse reactions, which in turn may explain the widely use of TCM in the first-line clinical application [6,7]. Diwuyanggan (DWYG) is
a TCM prescription mainly used to treat chronic liver diseases clinically which could delay or even reverse the progression of chronic
hepatitis B, liver fibrosis and liver cancer [8-11]. DWYG contains five herbs: the aerial part of Artemisia capillaris Thunb. (Yin-Chen),
the rhizome of Curcuma longa L. (Jiang-Huang), the fruit of Schisandra chinensis Baill. (Wu-Wei-Zi), the steamed roots of Rehmannia
glutinosa Libosch. (Shu-Di-Huang), the roots of Glycyrrhiza uralensis Fisch. (Gan-Cao). In our previous studies, DWYG was found to have
a preventive effect on acute liver injury [12]. Up to now, quite a few pharmacological experimental studies have indicated that five
herbs in DWYG have hepatoprotective effect alone [13-17], but the synergetic mechanisms of DWYG remain unclear enough in NAFLD
prophylaxis and treatment.

Despite the role of TCMs and their combination in pharmacodynamics can be understood through conventional animal experiments
[18]. However, it is hard to dissect the combination mechanisms because TCM has multi-component and multi-target features, as well
as possesses a complex in vivo interaction [19]. Therefore, we decomposed the prescription into individual drugs, which is one of the
most generally used approaches to research the combined utilization rules of TCM at present [20]. By using this way, such an analysis
strategy would contribute to the discovery of the relationship between single drug and DWYG formula and clarify the synergetic effects
of DWYG. In the last decade, with the continuous development of multiple analytical platforms, metabolomics has been used to
decipher the mystery of TCM synergy [21,22]. Metabolomics studies the overall state of biological systems and the endogenous
metabolites changes in the whole organism for the purpose of elucidating the mechanism of drug action in the body, with an emphasis
on globality and dynamics [23,24]. The characteristics of metabolomics are similar to the holistic view of the TCM theory, making it an
effective approach to clarify the combined use of TCM prescriptions and the modernization of TCM [25]. Besides, ultra-high-pressure
liquid chromatography combined with quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS/MS) has been recognized as a
suitable metabolomic tool due to its high resolution, which provides accurate mass [26,27]. Therefore, using the metabolomics
research method based on UPLC-QTOF-MS/MS, the differences in the regulatory indicators of the five herbs could be compared after
dismantling prescriptions into single herbs, and synergetic effects of TCM formulas could be explained.

In this study, the efficacy effects of DWYG and its five individual herbs on the treatment of high fat diets (HFD)-induced NAFLD
were evaluated. Then, a strategy combining metabolomics and disassembled prescriptions was employed to analyze the synergy rules
of TCM prescriptions. Further, the differences in the therapeutic mechanisms of DWYG and its single herbs for the treatment of NAFLD
were analyzed by metabolic pathways. These findings will provide a theoretical foundation for clarifying the scientific connotations of
the synergetic mechanism of DWYG prescription.

2. Materials and methods
2.1. Chemicals and reagents

All of the raw herbal medicines were supplied by the TCM Preparation Room of Hubei Provincial Hospital of TCM and authen-
ticated in Hubei University of Chinese Medicine. HPLC grade acetonitrile were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
Water was purified using a Milli-Q super purification system from Millipore (Millipore, Bedford, MA, USA). Formic acid (>98 %) of
analytical grade was purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The standards of puerarin (>98 %) was
purchased from Aladdin (Shanghai, China). Simvastatin was purchased from Shanghai yuanye Bio-Technology Co., Ltd (Shanghai,
China). TC (total cholesterol), HDL-C (low-density lipoprotein cholesterol), LDL-C (high-density lipoprotein cholesterol) assay kits
(batch number: 20211220, 20210514 and 20211220, respectively) were obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

2.2. Preparation of herbs extracts

DWYG includes five herbal extracts in proportion with (w/w) Schisandra chinensis Baill., 20.0 %; Curcuma longa L., 13.4 %; Artemisia
capillaris Thunb., 33.3 %; Rehmannia glutinosa Libosch., 20.0 %; Glycyrrhiza uralensis Fisch., 13.4 %. The coarse powder of Schisandra
chinensis Baill. and Curcuma longa L. were extracted 3 times with 70 % ethanol (1:2.23, 1:1.61, 1:1.61 w/v) for 1 h. The other three
herbs were decocted 3 times with boiling water (1:6, 1:3, 1:3 w/v) for 1.5 h. The ethanol and water extracts were mixed after being
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filtered with gauze, and the merged mixtures were concentrated and then dried under vacuum, ground into powder. The above process
followed the production standard of DWYG Capsules at Hubei Province Hospital of TCM. The preparation process of five single herbal
extracts was identical to that of DWYG. All herbal extracts were stored at —20 °C.

2.3. Animal experiments

Eighty-eight male Kunming mice, weighing 20-25 g, were purchased from the Animal Center of Tongji Medical College, Huazhong
University of Science and Technology (Wuhan, China), approval No. SCXK (e) 2017- 0067. All mice were housed in a standard animal
laboratory at 24 + 2 °C (temperature), 60 + 5 % (humidity) and 12 h light-dark photoperiod. HFD were prepared in the following
proportions: standard diet (78.8 %), lard (10 %), egg yolk (10 %), cholesterol (1 %), and cholate (0.2 %) [28]. We followed the re-
quirements of the Animal Ethics Committee of Hubei University of Chinese Medicine for all animal procedures (approval number:
202203004).

After a week of acclimatization, they were stochastically partitioned into nine groups: Control group (C group), NAFLD model
group (M group), Positive drug group (P group), Artemisia capillaris Thunb group (AC group), Curcuma longa L group (CL group),
Schisandra chinensis Baill group (SC group), Rehmannia glutinosa Libosch group (RG group), Glycyrrhiza uralensis group (GU group),
DWYG group (DW group). There were ten mice in each group, except for 8 mice in the P group. Except for those in the C group, all mice
were received HFD to induce NAFLD for 5 weeks. Then, the mice in the P group were given simvastatin at a dose of 40 mg-kg ", and the
mice in the AC, CL, SC, GU and DWYG groups were given their corresponding extracts once a day intragastrically at doses of 150
mg-kg~!. Meanwhile, 0.4 mL of distilled water was given to the C and M groups in the same manner.

After 5 weeks of feeding along with 4 weeks of continuous intragastric administration, the mice were supplied with water for 12 h
but were deprived of food. Then, during pentobarbital sodium anesthesia, the blood samples of all the mice were collected by
enucleating their eyeball. After 30 min standing time at ambient temperature, the serum was centrifuged for 15 min at 2680 g and kept
at —80 °C for standby.

Serum TC, LDL-C, and HDL-C were assayed using commercial kits. Meanwhile, liver tissues from each animal were excised
immediately, washed with cold saline, and weighed. Portions of those were fixed in 4 % tissue fixation solution, and stained with Oil
Red O for histological examination. The hepatic index was calculated by means of the following formula: Hepatic index = (liver
weight/body weight) x 100 %.

2.4. Sample preparation

160 pL of acetonitrile was added to 40 pL of thawed serum samples. Subsequently, 50 pL puerarin solution as an internal standard
with concentrations of 500 ng-mL ™! was pipetted into each sample, followed by 5 min for vortexing. The mixture was then placed at
4 °C for 10 min, centrifuged at 12830 g at 4 °C for 10 min to remove the precipitated proteins. Finally, prior to LC-MS/MS analysis, 150
pL of supernatant was carefully transferred to sample vials and refrigerated at —20 °C. To guarantee the stability and repeatability of
LC-MS system, the quality control samples (QC) were obtained by mixing the same volume of serum from each sample and inserted
every 5 samples throughout the whole sequence analysis.

2.5. UPLC-QTOF-MS/MS conditions

A Waters ACQUITY UPLC M-Class system was used for serum metabolic profiling analysis. For chromatographic separation, a 2.0
pL aliquot of the supernatant was injected into system at 40 °C on a Waters ACQUITY UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm).
At a flow rate of 0.3 mL min’l, the mobile phase of the eluent consisted of water-formic acid (1000:1, v/v) (A) and acetonitrile (B). The
mobile phase was delivered using the following linear gradient: 0 min, 10 % B; 15.0 min, 95 % B; 20.0 min, 95 % B; 21.0 min, 10 % B;
25.0 min, 10 % B.

Mass spectrometry was carried out using a Waters Xevo G2-XS QTof system equipped with an electrospray ion source (Waters,
Mass., USA), in which the positive and negative ion modes were set with sensitivity analysis modes. The specific conditions of MS were
as follows: desolvation and source temperature of 500 °C and 100 °C; desolvation and cone gas flow of 600 L-h™! and 50 L-h~};
capillary and cone voltage of 3000 V and 60 V. The mass data was acquired in the range of mass-to-charge ratio (m/z) 50 to 1200 Da in
MSE mode. And the full scan duration time was set to 0.5 s.

2.6. Data processing and statistics analysis

The raw files were acquired using MassLynx software (Waters Corporation, Milford, MA, USA). Markerlynx XS (Waters, Mass.,
USA) was applied to perform noise filtering, isotope peak exclusion, peak extraction, peak alignment and area normalization. The data
processing parameters were set as follows: the mass tolerance of 0.01 Da was set for peak alignment; the retention time for the peak
extraction was set from 2 min to 20 min; the noise elimination level was set at 50. As a result, the visual data matrix was generated,
which included retention time, m/z, sample information, and each feature’s intensity. After filtering the features based on the 60 %
rule, the data was transformed into decimal logarithms (log10 transformation), to address missing value input and reduce skewness in
the distribution.

The resultant data matrices (Table S1) were then imported to SIMCA-P 14.1 software (Umetrics, Umea, Sweden) for the purpose of
multivariate analysis. Unsupervised principal component analysis (PCA) as an unsupervised dimensionality reduction model was
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applied for visualize data with clustering analysis of samples. Subsequently, to evaluate metabolic alterations among all the groups,
orthogonal partial least squares-discriminant analysis (OPLS-DA) was performed. Furthermore, using 999 response permutation
testing (RPT), a validation for the quality of the OPLS-DA model was achieved by means of computing R? and Q? values. Variable
importance in projection (VIP) scores were calculated for determining the key metabolite, and those metabolites with VIP >1.0 were
considered statistically significant [29]. VIP values of the OPLS-DA model greater than 1.0 between the C group and M group were
selected for further analysis. The fold change (FC) values referred to the ratio of the mean abundances of metabolites between any two
groups, and was another factor for screening variables, used as a measure to explain how much a quantity changes going from a
starting to a final value. Metabolites with a VIP greater than 1 that met one of the following two criteria were considered to be potential
biomarkers. First, the contents of metabolites had significant differences (P value < 0.05) calculated by Mann-Whitney U test using
IBM SPSS Statistics 26.0 (SPSS Inc., Chicago, Illinois, USA). The other was the ratio of the average content of metabolites was FC >
1.1or FC < 0.9.

Metabolites were identified by matching MS/MS fragmentation ion characteristics in the METLIN database (http://metlin.scripps.
edu) and Human Metabolome Database (https://www.hmdb.ca) with +20 ppm tolerance. A heat map was generated to depict the
relative differences in the metabolites found in each group using GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA). Then,
the potential biomarkers were mapped to the reference paths against the KEGG Database (https://www.kegg.jp). Finally, the Cyto-
scape 3.8.2 software (https://cytoscape.org) was performed to assist in elucidating the synergistic effects of DWYG by constructing a
network.

3. Results
3.1. Prevention and treatment of DWYG and its single drug on HFD-induced NAFLD

As shown in Table 1, the body weights, liver weights, hepatic indexes, TC, HDL-C, and LDL-C in each group were conducted. After 5
weeks of experimentation, compared to C group, the body weights, hepatic indexes, TC, HDL-C, and LDL-C of mice with HFD changed
obviously. The above data in combination with the liver morphology and histopathology indicated that NAFLD model was successfully
established. However, the liver weights and hepatic indexes of mice treated with SC and DW have a significant improvement.
Compared to the model group, all the treatment groups for body weight had some amelioration with no remarkable change, but to
varying degrees, except RG. In addition, the results of serum TC values showed that AC, CL, SC, GU, DW significantly decreased in
comparison to M group, and the decrease ratio of them were 17.26 %, 14.12 %, 15.55 %, 22.11 % and 17.97 %, respectively.
Meanwhile, the values of HDL-C in all administered groups were prominently decreased in comparison to the M group. Concerning the
serum LDL-C level of mice, P, AC, CL, SC, RG, GU and DW inhibited the elevation of LDL by 44.44 %, 33.33 %, 20.37 %, 25.00 %, 33.33
%, 46.30 % and 50.00 % respectively, and all administered groups except CL had a significant reduction compared to the model mice
(P < 0.01, P < 0.001). All of these results demonstrated that simvastatin, DWYG and its single herbal groups have different degrees of
amelioration in fat accumulation in the liver compared to the model group. Especially, the comprehensive effect of DWYG showed
better improvement on fatty liver than five single herbal groups and positive drug group.

The results of the morphological and histopathological analysis of liver tissues were depicted in Fig. 1. In Fig. 1A, HFD was suc-
cessful in causing severe fatty liver after treatment for 5 weeks, which performed for the liver felt oily, with a tawny and swollen
surface. Besides, the morphological changes were not obvious for the AC, CL, SC, RG, CU and DW groups, whose treatment effects were
better ameliorated than the positive group. As shown in Fig. 1B, the liver histopathology observation suggested the livers in C group
showed normal histological structure, and a radial distribution of hepatocytes surround the central vein. And, the livers in M group
exhibited fewer nuclei, eccentric nuclei, hepatocyte ballooning, and lipid deposition. Conversely, after 4 weeks’ treatment of herbal

Table 1

Characteristics of NAFLD mice with DWYG and its single herb treatment for 4 weeks (mean + SD).
Group Physical parameters Biochemical parameters of serum

body weight (g) liver weight (g) Hepatic indexes (%) TC (mmol/L) HDL-C (mmol/L) LDL-C(mmol/L)

C(m=10) 47.13 + 4.16* 1.95+0.38 4.11 + 0.54* 5.07 £ 1.21%** 4.77 £ 1.16%** 0.29 £ 0.07***
M (n =10) 50.91 +5.13 2.35 £ 0.29 4.63 + 0.50 7.01 £0.83 3.32 £ 0.68 1.08 +0.18
Pn=238) 49.40 + 5.44 2.33 £0.48 4.70 £ 0.56 6.89 £ 1.10 3.77 £+ 0.60* 0.60 £ 0.20%**
AC (n = 10) 48.25 + 3.47 212 +£0.16 4.39 £ 0.29 5.80 + 1.44* 4.11 + 1.33* 0.72 £ 0.25%**
CL (n=10) 47.15 + 4.31 2.15 £ 0.36 4.57 £ 0.72 6.02 £+ 1.60* 4.32 £ 1.39* 0.86 + 0.29
SC (n=10) 49.38 + 3.61 1.98 + 0.25** 4.02 £ 0.42%* 5.92 £ 0.78* 4.24 £ 1.10* 0.81 £ 0.17**
RG (n = 10) 52.68 + 4.97 2.18 £ 0.41 4.14 £ 0.60 6.20 £ 0.73 4.20 £+ 0.67** 0.72 £+ 0.17**
GU (n =10) 47.32 + 3.76 2.15 +£0.27 4.54 + 0.45 5.46 + 1.61** 3.76 + 1.06* 0.58 £ 0.21%**
DW (n =10) 47.64 + 3.85 1.96 + 0.28** 4.10 £ 0.42** 5.75 £ 0.54** 4.71 £ 0.92%** 0.54 £ 0.07***

Abbreviation: TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Hepatic indexes= (liver
weight/body weight) x 100 %.

N: normal group; M: NAFLD model group; P: positive group; AC: Artemisia capillaris Thunb treatment group; CL: Curcuma longa L treatment group;
SC: Schisandra chinensis Baill treatment group; RG: Rehmannia glutinosa Libosch treatment group; GU: Glycyrrhiza uralensis treatment group; DW:
Diwuyanggan treatment group.

*P < 0.05, **P < 0.01, ***P < 0.001, significantly different from group M.
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Fig. 1. The effect of each group on the histopathology of liver tissue. A: Morphology of liver from each group; B: Representative photomicrograph of
liver histology (Oil Red-O staining, magnification 100 x ).

extracts, there was a trend of relative amelioration in the degree of liver steatosis in mice. Meanwhile, NAFLD mice treated with
DWYG, showed a close morphology restitution to normal. In conclusion, it was further confirmed that DWYG composed of AC, CL, SC,
RG and GU could effectively attenuate the fat accumulation as well as inhibit hepatic steatosis development in mice induced by HFD.

3.2. Serum metabolic profile analysis

3.2.1. Identification and quantitative analysis of potential serum biomarkers

Metabolomics analysis by UPLC-QTOF-MS/MS was performed on serum from mice of eight groups (C, M, AC, CL, SC, RG, GU, and
DW). Representative total ion chromatograms (TIC) of serum samples were displayed in Figs. SIA-S1H. To investigate metabolic
profiles, PCA was performed among 9 groups for the serum samples with the results of R2X = 0.194, Q2 = 0.160. It can be seen from
Fig. 2A that the aggregation trend of each group was obvious, there was a clear separation between the C group and M group, as well as
among the M group and all the TCM intervention groups. The results indicated that the NAFLD pathological process caused by HFD
changed in endogenous metabolites, and the administration of herbal extracts could change the serum metabolic profile of mice in M
group. However, there was considerable overlap of TCM intervention groups, resulting in relatively low explanation of PCA model.
Meanwhile, well gathering QC samples near the ellipse center, indicated reliable stability of the analytical method. In order to evaluate
the difference of metabolic information among five single herbs administered groups and DWYG prescription administered group, a
PCA model was constructed (R?X = 0.316, Q> = 0.124), as shown in Fig. 2B. Similarly, DWYG group clustered considerable overlap to
CL and SC groups, which indicated that mice exposed to CL, SC showed similar metabolic phenotypes to DWYG prescription.

For further study, a supervised OPLS-DA model was developed for the discovery of potential markers for the NAFLD pathological
process and the treatment of DWYG on mice. As depicted in Fig. 2C, the R%Y and Q? values of OPLS-DA model were 0.990 and 0.849,
which suggested the excellent fitting and prediction dependability. In the meantime, permutation test for 999 iterations was negative
for Q2 indicating model of OPLS-DA were not random and overfitted (Fig. 2D). And the OPLS-DA score plots and the corresponding
999 permutation tests of the control, model, and intervention groups were shown in Figs. S2A-S2F and Figs. S3A-S3F. The results
indicated that all models were similarly reliable and not overfitted.

According to the selection criteria mentioned in the data processing under item 2.6, a screening of the differential metabolites
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Fig. 2. Multivariate statistical analysis of metabolic profiles from UPLC-QTOF-MS/MS. A: PCA score scatter plots obtained from all different groups.
B: PCA score scatter plots obtained from six TCM treatment groups. C: OPLS-DA scores scatter plot of the control and model group. D: Plots for 999-
time permutation validation test for OPLS-DA models corresponded to the control and model group.

between the control and model groups was conducted (VIP>1, P < 0.05 or FC > 1.1/<0.9). Ultimately, a total of 23 variables were
successfully identified as potential biomarkers, and their associated identification information is presented in Table 2. The discrimi-
nating metabolites were generally distributed as amino acids, fatty acids, hormones, carnitines and phospholipids. Besides, a com-
parison of these metabolite’s levels between the TCM intervention and model groups was carried out to explore the contribution of
each drug in the total prescription. The corresponding variation trends for each metabolite in the different groups were given in
Table 3. A detailed list of differentially biomarkers, along with their corresponding fold change values, was shown in Table S2. To
further uncover the variable tendencies of the 23 differential metabolites among different groups, a heatmap was employed according
to the relative contents of metabolites using GraphPad Prism 9.0. As depicted in Fig. 3, compared with group C, the levels of 11
differential metabolites were up-regulated in the model group, while the levels of 12 differential metabolites were down-regulated
than those in control mice. Each intervention exhibited different degrees of NAFLD prevention and treatment effect group by
modulating distinct potential biomarkers. AC, CL, SC, RG, and GU groups could regulate 8, 16, 18, 11 and 9 differential metabolites,
respectively. A total of 19 differential metabolites were regulated by DWYG prescription, which was confirmed that more than 80 % of
the biomarkers in model mice returned to normal levels.

3.3. Metabolic pathway analysis

To gain insights into understand the metabolic processes of the metabolites, a pathway analysis was conducted according to the
discriminating metabolites listed in Table 2. As shown in Fig. 4, six metabolic pathways involved in the disturbance of NAFLD as
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Table 2

UHPLC-QTOF-MS/MS identification of potential biomarkers in mice serum and their related information.

Heliyon 9 (2023) e22151

No. RT Metabolites Molecular Adduct Adduct Actual Error Fragment ion
(min) Formula ion mass mass
1 3.75 Valerylcarnitine C12H23NOy [M+H]* 246.1703 246.1705 —0.81 187.10,85.03,57.03
2 6.13 N-Acetyldopamine C10H13NO3 [M+H]* 196.0952 196.0974 -11.22  152.07,135.04,113.06,107.04
3 11.79 N-Palmitoyl Arginine C21H3406S [M+H]* 415.2116 415.2154 -9.15 155.09,139.15,139.11,116.07
4 15.02 Sphingosine C18H37NO2 [M+Na]™ 322.2720 322.2722 —0.62 264.27,221.23,196.16,137.13
5 15.13 Arachidonoylcarnitine Ca7H4sNO4 [M+Na]™ 448.3420 448.3427 —1.56 448.34,85.03,57.03
6 15.13 6-Methylene-4-pregnene- Ca2H3002 [M+H]* 349.2121 349.2143 —6.30 267.17,239.14,175.11,105.07
3,20-dione
7 15.88 LysoPA(22:6) Ca5H3007P [M+Na]* 505.2309 505.2331 —4.35 311.24,311.24,155.01
8 16.13 LysoPC(22:5) C3oH5,NO7P [M+Na]™ 592.3368 592.3379 —1.86 473.26,387.29,184.07,104.11
9 16.23 LysoPC(20:3) CygHsoNOP [M+H]* 546.3551 546.356 —1.65 363.29,258.11,240.10,184.07,104.11
10 16.31 PG(TXB2/i-24:0) CsoHo3014P [M — HI 947.6151 947.6225 -7.81 367.36,171.01,152.99
11 16.33 LysoPE(16:0) Ca1H44NO,P [M+H]* 454.2917 454.2934 —3.74 313.27,257.25,239.24,109.10
12 16.36 MG(22:6/0:0/0:0) CasHsg04 [M-+Na]™ 425.2665 425.2668 -0.71 385.27,329.25,269.23,157.10,131.09
13 16.46 MG(18:2/0:0/0:0) C21H3504 [M+Na]™ 377.2678 377.2668 2.65 337.27,263.24,139.11,121.10
14 16.68 PC(20:5-30H/2:0) C30Hs50NO11P [M+H]" 632.3256 632.3200 8.86 184.07,147.00,125.00,104.11
15 16.68 LysoPC(20:2) CagHs54NO,P [M+H]* 548.3707 548.3716 -1.64 467.25,365.31,146.98,104.11
16 16.69 Sbeta-Pregnane-3,20- C21H3202 [M+H]* 317.2452 317.2481 -9.14 275.24,203.14,193.16,179.14,107.09
dione
17 16.76 PA(20:4-20H/i-14:0) C37Hg5010P [M+Na]™ 723.4340 723.4213 17.56 602.45,495.21,405.2045,387.19
18 17.06 LysoPE(18:0) Ca3H4gNO,P [M+H]* 482.3231 482.3247 -3.32 421.17,339.29,285.28,111.12
19 17.65 LysoPI(20:4) Ca9H9012P [M+Na]* 643.2902 643.2859 6.68 361.27,301.07,259.24,147.07
20 18.07 Calcium octadecanoate C36H70Ca04 [M+Na]™ 629.4786 629.4798 -1.91 263.24,123.12,109.10
21 18.22 Ethyl octadec-9-enoate Ca0Hsg04 [M+H]* 311.2978 311.2950 8.99 265.25,247.24,135.12
22 18.22 dihydrocorticosterone C21H3204 [M+H]* 349.2416 349.2379 10.59 271.21,175.11,145.10,125.10
23 18.85 Cerd(18:0/18:0) C36H73NO3 [M+H]* 568.5667 568.5669 —0.35 550.56,302.31,284.29
Table 3

The 23 identified biomarkers of NAFLD mice treated by DWYG and its single herb with their related information.

No.  Metabolites® vIp® Trend® Metabolic pathways
M/ AC/ CL/ SC/ RG/ GC/ Dw/
C M M M M M M
1 Valerylcarnitine 1.230 1 - - - - l 1 Fatty acid beta-oxidation
2 N-Acetyldopamine 1.365 1 1 1 l l 1 l Amino acid metabolism
3 N-Palmitoyl Arginine 1.309 1 | - - - - 1 Amino acid metabolism
4 Sphingosine 1.361 1~ - l l - 1 Sphingolipid signaling pathway
5 Arachidonoylcarnitine 1.178  p** - - - - - Fatty acid beta-oxidation
6 6-Methylene-4-pregnene-3,20- 1.099 | - 1 - Steroid hormone biosynthesis
dione
7 LysoPA (22:6) 1.050 - L 1 1 1 1 Glycerophospholipid metabolism
8 LysoPC (22:5) 1.578 - 1% P P P T Glycerophospholipid metabolism
9 LysoPC (20:3) 1.649 1 - L - L - Glycerophospholipid metabolism
10 PG (TXB2/i-24:0) 1.818 1 - - T Glycerophospholipid metabolism
11 LysoPE (16:0) 1.741 - 1 1* - 1 Glycerophospholipid metabolism
12 MG (22:6/0:0/0:0) 1.869 - P 1% - el Glycerophospholipid metabolism
13 MG (18:2/0:0/0:0) 2.073 - P 1= - P Glycerophospholipid metabolism
14 PC (20:5-30H/2:0) 1.881 i e - e 1* Glycerophospholipid metabolism
15 LysoPC (20:2) 1.690 F* 1F* - 1 1 Glycerophospholipid metabolism
16 Sbeta-Pregnane-3,20-dione 1.111 - - 1 - - Steroid hormone biosynthesis
17 PA (20:4-20H/i-14:0) 1.508 il L L o i Glycerophospholipid metabolism
18 LysoPE (18:0) 1.748 - 1 - - T Glycerophospholipid metabolism
19 LysoPI (20:4) 1.395 - l - - 1 Glycerophospholipid metabolism
20 Calcium octadecanoate 1.074 - l - - 1* Biosynthesis of unsaturated fatty
acids
21 Ethyl octadec-9-enoate 1.688  |* - - 1 - - 1 Biosynthesis of unsaturated fatty
acids
22 dihydrocorticosterone 1.302 | - 1 1 * - 1 Steroid hormone biosynthesis
23 Cerd (18:0/18:0) 1.256  p** - L** 1* - - 1 Sphingolipid signaling pathway

*P < 0.05, **P < 0.01, significantly different from model group.

@ Metabolite identification was carried out by comparison to the METLIN and HMDB Metabolite Databases.

b Calculated using the OPLS-DA model based on metabolites of control group and model group of serum samples; Selection was based on VIP values
(threshold >1).
¢ Up arrows indicate metabolites were upregulated, and down arrows indicate metabolites were downregulated; Selected metabolites based on FC
> 1.1 or FC < 0.9.
4 Related pathway was referred to KEGG.
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Fig. 3. Distribution of the 23 biomarkers in the serum samples from different groups. Values at each color block was the ratio of the peak area of a
metabolite to that of the internal standard after the log10 transformation. A blue color indicated down-regulation of metabolites while a red color
indicated up-regulation of metabolites. The grey squares with a cross on the heat map indicated that the metabolites were not detected in
the sample.

follows: (1) Steroid hormone biosynthesis; (2) Glycerophospholipid metabolism; (3) Sphingolipid signaling pathway; (4) Fatty acid
beta-oxidation; (5) Biosynthesis of unsaturated fatty acids; (6) Amino acid metabolism. In addition, the most relevant pathways
regulated by AC were (2) Glycerophospholipid metabolism and (6) Amino acid metabolism. The most relevant pathway regulated by
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Fig. 4. Metabolic pathway networks involved in the treatment of DWYG on HFD-induced NAFLD. The variation trend of metabolites in model group
compared with control group is indicated as red arrows, while green, orange, purple, yellow, blue and dark grey arrows represent the regulatory
trend in AC, CL, SC, RG, GU and DW groups relative to model group, respectively. Up arrows indicate that the trend of the change of metabolites is
rising, and down arrows indicate that the trend of the change of metabolites is declining. *P < 0.05, **P < 0.01, significantly different from
model group.
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CL was (2) Glycerophospholipid metabolism. The most relevant pathways regulated by SC were (2) Glycerophospholipid metabolism,
(3) Sphingolipid signaling pathway and (5) Biosynthesis of unsaturated fatty acids. The most relevant pathways regulated by RG were
(2) Glycerophospholipid metabolism, (3) Sphingolipid signaling pathway and (5) Biosynthesis of unsaturated fatty acids. The most
relevant pathways regulated by GU were (2) Glycerophospholipid metabolism and (4) Fatty acid beta-oxidation. Among them,
glycerophospholipid metabolism pathway was modulated by all TCM intervention groups, indicating that synergistic effects of DWYG
preparation were responsible for regulating this pathway. In addition, all six pathways disturbed in the mice of the model group were
found to be involved in the hepatoprotective effects of DWYG on mice with high fat diets.

3.4. Combined mechanism of DWYG on NAFLD

To improve the visualization, the overall metabolic intervention mechanism of the combined application of DWYG for nonalcoholic
fatty liver disease was displayed as a network. As shown in Fig. 5, the metabolic pathways related to anti-NAFLD of DWYG formula
included the primary metabolic pathways of each single drug, manifesting that the prevention and therapeutic effect of DWYG pre-
scription for NAFLD was comprehensive. In this network, the degree values of SC, CL and DWYG were 18, 16 and 19 respectively,
which indicated that the ability of SC and CL to reverse abnormal metabolism was only second to that of DWYG. Thus, among the five
herbs of DWYG formula, SC and CL exhibited the highest degree of correlation in terms of their ability to regulate disordered meta-
bolism in NAFLD mice.

4. Discussion

In this study, we explored the protective effects and potential combined mechanism of action of DWYG on NAFLD induced by HFD
diets for the first time from the perspective of untargeted metabolomics and disassembled prescriptions. The results showed that DWYG
formula possessed more pronounced hypolipidemic effect compared to a single herb, as evidenced by serum biochemistry and
pathological observations in NAFLD mice. For another, DWYG formula and each individual herb had different regulatory mechanisms.
DWYG has been found to exhibit a greater capacity for regulating metabolites and metabolic pathways than AC, CL, SC, RG or GU
respectively, mainly involving lipid metabolism. In addition, SC and CL could be the key herbs that were involved in treating NAFLD by
DWYG.

It was worth noting that the regulation of glycerophospholipid metabolism was present in all TCM intervention groups in the
present study. This finding indicated that glycerophospholipid metabolism was modulated by multiple constituents via multiple
targets, which might be due to the synergism of complete composition in five herbs of DWYG. The great changeable LysoPC(20:2),
LysoPC(20:3) and LysoPC(22:5) in the model group, observed in this study, were polyunsaturated LysoPCs, in line with a previous
report that dysregulated LysoPC levels were involved in diet induced NAFLD in mice [30]. The biological function of LysoPCs depends
on the Acyl length and the saturation degree of fatty acids and is influenced by endogenous synthesis and diet [31,32]. Moreover, many
LysoPC species were reported to be increased in NAFLD that were closely related to pro-inflammatory activity and oxidative stress
[33-35]. By the action of lysophopholipaseD, LysoPCs were quickly converted into LysoPA and PA [36]. We found that PA and LysoPA,

- . Lt Calcium octadecq_r}ggté’ PG(TXBzﬁ_24;0‘)\ N atty acid betaoxidation
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Fig. 5. Network analysis of the synergistic mechanism of DWYG for preventing and treating NAFLD. The pieces connected with the black lines
represent related biomarkers and metabolic pathways regulated by DWYG prescription on NAFLD. The pieces connected with the green, orange,
purple, yellow and blue lines represent related biomarkers and metabolic pathways regulated by AC, CL, SC, RG, and GU on NAFLD, respectively.
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which were lipid second messenger, were as well as governor regulator of inflammation [37,38], significantly associated with NAFLD.
LysoPE has also been reported to have an effect on the reduction of liver inflammation and the normalization of serum biomarkers in
mice with liver disease [39]. On the basis of the metabolite data, it was observed that DWYG modified the levels of lysophospholipids
and phospholipids, indicating that DWYG might be the underlying metabolic mechanism responsible for its effect on NAFLD by
protecting against inflammation.

We also found that sphingosine and cer(d18:0/18:0), which were involved in the sphingolipid metabolism pathway, were inhibited
by DWYG and RG in NAFLD mice. Ceramide was a lipotoxic factor, which played an important role in apoptosis and stress response.
Inhibiting ceramide production might delay or prevent disease development [40]. Sphingosine, one of the most biologically active
sphingolipids, was significantly increased in NAFLD mice in this study, which was corresponded with previous research. It was re-
ported that sphingosine could reduce insulin sensitivity and accelerate hepatic steatosis in obese rodents [41]. As reported, the
disorganization of sphingolipid signaling pathway was contacted with inflammatory signaling [42] and cellular immunity response
[43,44] in many chronic metabolic diseases, such as obesity, type 2 diabetes mellitus and NAFLD. In addition, studies found that RG
had an enhancement of immune function [45]. As a consequence, it was reasonable to speculate that RG in DWYG contributed to
resisting disturbances in the sphingolipid signaling pathway caused by external stimuli through continuously activating the immune
system.

Furthermore, our study discovered that the fatty acid beta-oxidation acts as a bridge among other disordered metabolic pathways.
Of paramount characteristics for NAFLD are its ineffective capacity to fatty acid oxidation in mitochondria and its augmented hepatic
fatty acid synthesis [46]. What’s more, increased long-chain acylcarnitines (AC) and short-chain ACs are likely to be important in
increasing mitochondrial lipolysis as well as fatty acid oxidation, respectively [47]. This indicates that the increase in serum AC after
HFD feeding is due to the increased hepatic uptake and utilization of fatty acids in HFD. Therefore, DWYG and GU might firsthand
protect the liver by inhibiting acylcarnitine elevation of fatty acid beta-oxidation.

In addition, fatty acid beta-oxidation has been shown to be involved in the modulation of steroid hormones at multiple levels,
thereby affecting hepatic steatosis [48]. Increasing data showed that a significant role was played by sex hormones in the pathological
progression of NAFLD [48]. In this study, the concentrations of several gonadal hormones, such as dihydrocorticosterone, Sbeta-Preg-
nane-3,20-dione and 6-Methylene-4-pregnene-3,20-dione, were significantly decreased in NAFLD mice, while RG could reverse their
abnormal descent after four weeks’ treatment. In the absence of estrogen, there might be a higher tendency for increasing in visceral
tissue fat and promoting systemic insulin resistance [49]. Male patients with androgen deficiency, such as testosterone, exhibited high
prevalence of NAFLD, which was mainly due to the fact that androgens could promote de novo lipid synthesis and inhibit fatty acid
oxidation activity [50,51]. Many sex hormones derived from pregnenolone and primarily metabolized in the liver, including estrogen,
progesterone, and testosterone [52]. Therefore, we concluded that RG might regulate the pregnenolone level, and further sustain
steroid hormone balance, which was in accordance with another study showing RG could restore metabolic disorders via modulating
steroid hormone biosynthesis [53].

As for amino acid metabolism regulated by DWYG, it was reported that an elevated serum amino acid level might indicate obesity-
associated NAFLD, and mitochondrial dysfunction could impair amino acids metabolism [54]. And amino acid metabolism in NAFLD
was strongly related to insulin resistance [55]. There was evidence that consumption of a high-cholesterol diet resulted in an increase
in most amino acids and polyamines [56], which was consistent with our results. Our results of NAFLD mice treated with DWYG,
showed a reduction of N-Palmitoyl Arginine and N-Acetyldopamine, suggesting that DWYG could inhibit the development of insulin
resistance and mitochondrial dysfunction by improving the disorder of amino acid metabolism.

With regard to the number of potential biomarkers and metabolic pathways regulated by DWYG during the treatment of NAFLD,
DWYG exhibited the most comprehensive anti-NAFLD effects. Numerous studies have shown that the irreplaceable advantages of
synergistic effects in herbal therapies were manifested when multiple herbal extracts were used, resulting in better efficacy compared
to individual herbs in TCM prescriptions [7,22]. The therapeutic effect of TCM prescriptions was not only related to the efficacy of each
part comprised in the formula but also to the interaction between the constituent herbs [7]. DWYG is a holistic formula that contains
five Chinese herbal medicines, so that the combination of these efficacy groups and the synergistic interactions between multiple
ingredients may contribute to the overall therapeutic actions of DWYG. In addition, our results indicated that CL and SC play an
essential role in the modulation of potential biomarkers in the absence of the DWYG functional unit. It was approximately consistent
with the tendency in PCA score plots, which manifested as CL and SC groups had a considerable overlap with DWYG group, illustrating
that the function of the TCM intervention could be reflected in the selection of potential biomarkers. In this study, 16 and 18 perturbed
metabolites were regulated after administering CL and SC, respectively, which corresponded to CL correct abnormalities in glycer-
ophospholipid metabolism and SC correct abnormalities in sphingolipid signaling pathway, biosynthesis of unsaturated fatty acids and
glycerophospholipid metabolism. It has been reported that Curcuma longa L. extract and its main active ingredient curcumin counteract
hepatic dyslipidemia via the regulation of ER stress [14] and Curcuma longa L. extract had powerful effects on affecting glycer-
ophospholipid metabolism might be involved in the prevention of NAFLD [57]. SC had inhibition of liver cell apoptosis and promotion
of liver regeneration effects [58] and has been shown to reduce lipid accumulation in the liver [59] and regulate glycerophospholipid
metabolism [60] to protect the liver.

5. Conclusion
In the current study, an integrated strategy combining disassembled prescriptions and untargeted metabolomic has been estab-
lished to systematically clarify the combined intervention mechanism of DWYG in NAFLD. As a result, a total of 23 potential bio-

markers have been found, and 19 metabolites could be regulated by DWYG among them. The mechanism of DWYG prescription
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reduced the HFD-induced disorders of liver function, which were related to steroid hormone biosynthesis, glycerophospholipid
metabolism, sphingolipid signaling pathway, fatty acid beta-oxidation, biosynthesis of unsaturated fatty acids, and amino acid
metabolism. Compared with its five single groups, DWYG had the strongest anti-NAFLD effect and the most extensive metabolic
regulation. Among them, CL and SC played a key role in treating NAFLD. This study will provide a reference for the clinical application
of DWYG and avail further understanding of the synergistic mechanism of DWYG prescriptions.
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