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Objective: Previous studies have shown that oxymatrine (OMT) can improve high-fat-high-fructose-diet-induced non-alcoholic fatty
liver disease (NAFLD), and our study aimed to explore its possible metabolic potential mechanisms.

Methods: Wistar rats were fed a high-fat-high-fructose diet for 8 weeks and treated with oxymatrine by gavage for the last 4 weeks.
We measured biochemical indicators and pathological changes in each group and used liquid chromatography-mass spectrometry (LC-
MS) to analyze changes in metabolites in the serum and liver of the rats.

Results: The results showed that OMT can alleviate the high-fat-high-fructose-induced weight gain and hepatic lipid deposition in
rats. Metabolomic analysis showed that the level of eicosapentaenoic acid (EPA) was downregulated and levels of desmosterol and
d-galactose were upregulated in livers fed with HFDHFr. The levels of L-isoleucine, L-valine, arachidonic acid (AA), taurocholic acid
(TCA), chenodeoxycholyltaurine (TDCA), isocitrate, and glutathione (GSH) were downregulated in the liver, whereas those of linoleic
acid (LA), phosphocholine (PC), glycerophosphocholine (GPC), and oxidized glutathione (GSSG) were upregulated in the serum
treated with OMT.

Conclusion: In summary, OMT can improve HFDHFr-induced NAFLD, and metabolomic analysis can provide an early warning for
the development of NAFLD as well as provide a rationale for therapeutic targets.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a general term for a series of liver diseases closely related to metabolic
syndrome (MS), including simple steatosis, non-alcoholic steatohepatitis, and liver fibrosis.! It is one of the most
common liver diseases worldwide because of the changes in the contemporary dietary structure of increased fat and
fructose proportions.”* Previous studies have shown that a high-fat-high-fructose diet can lead to lipid deposition in the
liver of rats.* The dietary fat and cholesterol are the major drivers of NAFLD development and progression in rats, while
fructose acts primarily on the circulating lipid pool; however.” The pathogenesis of NAFLD has still not been fully
elucidated, currently especially in metabolism. The main recognized pathogenesis is the multiple strike theory based on
the second strike, which adds complex interactions, including environmental factors such as dietary factors, obesity,
microbiota changes, and susceptibility genetic variation, leading to disturbed lipid homeostasis and excessive accumula-
tion of triglycerides and other lipid species in hepatocytes.®™

Oxymatrine (OMT) is a common colourless columnar crystalline alkaloid isolated mainly from the roots of bitter
ginseng, which has a variety of pharmacological effects, including anti-hepatitis virus infection, antioxidant, anti-
inflammatory, anti-fibrosis, and anti-tumor properties, and has already been applied in the treatment of hepatitis and
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type 2 diabetes mellitus (T2DM).” "' A study by Shi et al indicated that the therapeutic effect of OMT on NAFLD is
partly due to the downregulation of the sterol regulatory element binding transcription factor 1 (Srebfl) and the
simultaneous upregulation of the Ppara mediated metabolic pathway.'? While the specific mechanisms by which OMT
improves NAFLD are still not fully elucidated, especially in metabolism.

Metabolomics is one of the research focuses in the field of omics as an important part of system biology after
genomics, transcriptome, and proteomics, in which the research object is all metabolites in vivo.'* Previous studies have
explored the changes of small and medium molecular metabolites in serum and liver of NAFLD rats induced by high-fat
or high-fructose diets. Xie et al'* showed that the contents of tetradecanoic acid, hexadecanoic acid, and oleic acid in rat
liver increased, while the contents of arachidonic acid (AA), eicosapentaenoic acid (EPA), glycine, alanine, aspartic acid,
glutamic acid, proline, and other amino acids decreased, indicating enhanced lipogenesis and suppressed utilization of
fatty acids due to a high-fat diet. In a study by Hansen et al,'> the serum levels of acetic acid, valine, serine, and
methionine were decreased in rats fed a high-fructose diet. These studies provided a possible metabolic-related
theoretical basis for the mechanism of NAFLD induced by high-fat or high-fructose diets.

The present clinical prevention and treatment of NAFLD mainly relies on diet control and reasonable exercise.'® It is
necessary to develop effective and safe targeted drugs to prevent and treat NAFLD.'” In our study, we established
a NAFLD rat model induced by a high-fat-high-fructose diet and used metabolomic analysis to reveal the potential
pathogenesis and therapeutic targets of OMT to improve NAFLD, ultimately providing a basis for its further develop-
ment and wider use.

Materials and Methods
Animal Models and Sample Collection

Fifteen male Wistar rats (seven weeks old, male, purchased from Beijing Weitong Lihua Laboratory Animal Technology
Co., Ltd.) were housed in the barrier system of animal experiments at the Clinical Research Center of Hebei Provincial
People’s Hospital. All rats were randomly divided into two groups: 5 mice in the control group (NC, normal diet, 20%
protein, 70% carbohydrate, and 10% fat, 3.85 kcal/g) and 10 mice in the high-fat-high-fructose group (HFDHFr, 20%
protein, 40% carbohydrate, 40% fat, 4.49 kcal/g). After four weeks of feeding, the rats in the HFDHFr group (n = 10)
were subdivided into HFDHFr (n = 5) and HFDHFr + OMT (n = 5) groups. The rats in the HFDHFr group were fed with
HFDHFr consistently for 4 weeks. The rats in the HFDHFr + OMT group were gavaged with oxymatrine at a dose of 80
mg/kg/day for another four weeks. The feed was purchased from Biopike (Beijing, China). Dosages were selected based
on our previous studies.'® Rats in each group were provided with equal amounts of calories and allowed to eat and drink
ad libitum every day. Food intake was recorded daily, body weights were measured weekly, and the final weight levels of
the three groups were compared at the end of the trial. After four weeks of drug intervention, an intraperitoneal glucose
tolerance test (IPGTT) was used to measure blood glucose values at 0, 15, 30, 60, and 120 min time points, and calculate
the area under the glucose curve (AUC) was calculated. The mice were fasted overnight, weighed, and anesthetized with
1% pentobarbital sodium (60 mg/kg). Blood was taken from the abdominal aorta and centrifuged at 4 °C at 3000 rpm 4
°C for 20 min, and serum was collected and stored at —80 °C until use. Serum triglyceride (TG), total cholesterol (TC),
and alanine aminotransferase (ALT) levels were measured in all three groups. After taking blood from the abdominal
aorta, taking out the liver quickly, weighing the liver, dividing it into several pieces of liver tissue, quickly putting it into
liquid nitrogen, and then moving it to a —80 °C low-temperature refrigerator for storage as a follow-up test sample. All
experiments were performed in accordance followed by the guidelines for the Care and Use of Laboratory Animals and
approved by the Hebei General Hospital Ethics Committee.

IPGTT and AUC

The rats were fasted for 8 hours, and then took the blood dropped from the tail tip to the test strip of a Roche rapid
glucose meter to measure FBG (blood glucose at 0 point), followed by intraperitoneal injection of 2 g/kg of 50% glucose
injection. The tail tip blood glucose values of the IPGTT were measured 30, 60, and 120 min after the glucose injection in
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the rats using ACCUCHEK Performa blood glucose meter (Roche Diagnostics, Germany). The AUC was calculated,
AUCglu = (0’+15)/8 + (15’+30°)/8 + (30°+607)/4 + (60°+120)/2.

Measurement of Serum Fasting Insulin

We used a serum antibody sandwich ELISA, according to the instructions provided by the mouse insulin ELISA kit
(ALPCO, USA), to determine fasting insulin levels in rats. We set standard wells and sample wells were set on the
enzyme-labeled plate, and, respectively, added 10 pL of standard and 10 pL of samples were added to the bottom of the
plate. Then, we add 75 pL of enzyme-labeled antibody working solution was added to each well. The plate with the
samples was incubated at room temperature, and shaken on a microwell plate oscillator for 2 h covering with a sealer. We
washed each well with 350 pL of wash solution and removed the remaining liquid from all wells; which was repeated six
times. After adding 100 pL of chromogenic substrate solution, we covered the plate and vortexed with a sealer. Then the
samples were incubated with shaking for 15 min at room temperature. Then, 100 uL of stop solution was added to each
well to stop the reaction, then we mixed the samples, and determined the absorbance value at 450 nm wavelength using
a microplate reader. Finally, the insulin content of the samples was calculated from the absorbance and the standard
curves drawn using different concentrations of standards.

Hepatic Tissue Histology

Histological sections stained with hematoxylin and eosin (H&E) and Oil Red O staining were examined under a light
microscope and histology to evaluate the changes in the influence of the HFDHFr diet and OMT on liver histology. Liver
tissues were fixed in a 4% neutral formaldehyde solution for 24 h, after dehydration with graded ethanol, vitrification
with dimethylbenzene, embedded in paraffin embedding, and the tissues were sectioned for H&E staining. Liver tissues
were frozen and sliced into 8 pm sections, air-dried giving the air-drying for 30 min and then fixed in 10% neutral
formaldehyde for 10-15 min, and washed for Oil Red O staining. Photomicrographs were obtained using a light
microscope.

Measurement of Liver TG

Lysis buffer (adding 1 mL) was lysis added buffer into 50 mg of the liver tissue to ensure effective homogenate splitting
and lipid extraction. The tissue was pulverised using an electric high speed homogeniser and then left to stand for 10
minutes, the appropriate amount of supernatant was transferred to a 1.5 mL centrifuge tube and centrifuged at room
temperature. The supernatant was used to determine for the triglyceride (determination of TG) content in the liver.

Metabonomic Analysis of Serum and Liver

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed by using the OE BioTech instrument
(Shanghai, China). Samples of serum and liver samples were stored at —80 °C and thawed at room temperature; 100
pL of serum sample was added to a 1.5 mL Eppendorf tube with 20 pL of L-2-chlorophenylalanine (0.3 mg/mL)
dissolved in methanol as an internal standard, and the tube was vortexed for 10s. Subsequently, 300 pL of ice-cold
mixture of methanol and acetonitrile (2/1, v/v) was added, and the mixtures were vortexed for 1 min, 30 mg of accurately
weighed liver sample was transferred to a 1.5 mL Eppendorf tube. Two small steel balls were added to each tube. 20 uL
of L-2-chlorophenylalanine (0.3 mg/mL) dissolved in methanol as an internal standard and 400 mL mixture of methanol
and water (4/1, vol/vol) were added to each sample. Samples were stored at =20 °C for 2 min and then grounded at 60
HZ for 2 min. Subsequently, whole samples of serum and liver samples were extracted by ultrasonication for 10 min in
an ice-water bath, stored at —20 °C for 30 min, and were centrifuged at 4 °C (13,000 rpm) for 10 min, respectively. The
supernatant (300 pL) of supernatant in a glass vial was dried in a freeze-concentration centrifugal dryer. 300 pL mixture
of methanol and water (1/4, v/v) was added to each sample, samples vortexed for 30s, extracted by ultrasonication for 3
min in an ice-water bath, and then placed at —20 °C for 2 h. Samples were centrifuged at 4 °C (13,000 rpm) for 10 min.
The supernatants (150 pL) from each tube were collected using crystal syringes, filtered through 0.22 pm microfilters,
and transferred to LC vials. The vials were stored at —80 °C until LC-MS analysis. QC samples were prepared by mixing
aliquots of all samples to be a pooled sample to evaluate the stability of the mass spectrometry system during sample
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testing. All the chemicals and solvents used were of analytical or HPLC grade. Water, methanol, acetonitrile, and formic
acid were purchased from Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA).
L-2-chlorophenylalanine was purchased from Shanghai Heng Cchuang Biotechnology Co., Ltd. (Shanghai, China). All
the extraction reagents were pre-cooled at —20 °C before use.

An ACQUITY UPLC I-Class system (Waters Corporation, Milford, USA) coupled with a VION IMS QTOF Mass
spectrometer (Waters Corporation, Milford, USA) was used to analyze the metabolic profiles in both the ESI positive and
ESI negative ion modes. The original liquid chromatography-mass spectrometry (LC-MS) data were processed by using
software the Progenesis QI V2.3 (Nonlinear, Dynamics, Newcastle, UK) for baseline filtering, peak identification,
integration, retention time correction, peak alignment, and normalization. Use principle component analysis (PCA) to
observe the overall distribution among the samples and the stability of the whole analysis process. Orthogonal Partial
Least-Squares -Discriminant Analysis (OPLS-DA) was utilized to distinguish metabolites that differed between the
groups. To prevent overfitting, 7-fold cross-validation and 200 response permutation testing (RPT) were performed used
to evaluate the quality of the model. Variable importance of projection (VIP) values obtained from the OPLS-DA model
were used to rank the overall contribution of each variable to group discrimination. Differential metabolites were selected
with VIP values greater than 1.0 and p-values less than 0.05. KEGG (https://www.kegg.jp/) database was used to explore

related metabolic pathways.

Statistical Analysis

All data were analyzed by SPSS 26.0 software (version 26.0), and figures were generated using GraphPad Prism software
(version 8.0). Measurement data with normal distribution or close to normal distribution were expressed by mean +
standard deviation (Mean = SD), while measurement data with non-normal distribution were expressed by median
(quartile). The #-test was used if the mean of two samples was normal and the variance was homogeneous, and the
nonparametric rank-sum test was used for non-normal distributions or uneven variances. Comparison among multiple
groups were performed using one-way ANOVA, and the differences were statistically significant (P < 0.05).

Results
Comparison of Body Weight, Liver Weight, Food Intake, Fasting Blood Glucose,
Fasting Insulin, Serum TG, Serum TC, and Serum ALT

At the end of 8 weeks, the body weight, liver weight, fasting blood glucose level, and fasting insulin level of rats in the
HFDHFr group were significantly higher than those in the NC group. And after 4 weeks of OMT administration, the
levels of the above indexes decreased, and the difference was statistically significant (Figure la, b, d and e). The food
intake of HFDHFr group was higher than that of the NC group, while there was no statistically significant difference in
the food intake of OMT group compared with both HFDHFr and NC groups (Figure 1c). Serum TG, TC, and ALT levels
increased after HFDHFr feeding and decreased after OMT intervention (Table 1).

Comparison Between IPGTT and AUC

The blood glucose values at 15 min, 30 min, 60 min, and 120 min were elevated in the HDFHFr group and decreased
after the OMT intervention (Figure 1f). The area under the glucose curve (AUC) was increased in the HFDHFr group
while decreased in the HFDHFr + OMT group (Figure 1g).

Comparison of Liver TG Content and Liver Histopathology
Liver TG content in the HFDHFr group was significantly higher than that in the NC group, whereas that in the HFDHFr
+ OMT group was significantly lower than that in the HFDHFr group (Figure 2a).

The H&E staining results of liver samples showed that in the NC group, the liver tissue structure was complete, the
liver cells were orderly arranged, the liver lobules were regular, the cytoplasm was uniformly red-stained, and no obvious
inflammatory cells or lipid droplets were found. In the HFDHFr group, the structure of the hepatic lobule was disordered,
hepatocytes were swollen, a large number of lipid droplets of different sizes were observed in in the cytoplasm,
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Figure | Comparison of body weight (a), liver weight (b), food intake (c), fasting blood glucose (d), fasting insulin (e), IGPTT (f), and AUC (g) of mice in each group.
#5<0.05 vs. NC, #p<0.01 vs. NC, #p<0.05 vs. HFDHFr, *p<0.01 vs. HFDHFr.

ballooning degeneration was obvious, and a large number of inflammatory cells were infiltrated in the hepatic portal area
and hepatic lobule. In the HFDHFr + OMT group, the inflammatory infiltration of hepatocytes was reduced, and degree
of steatosis was significantly reduced. The results of liver Oil Red O staining showed that there were blue-stained nuclei
in the NC group, and no obvious lipid droplets were found. In the HFDHFr group, a large number of red-stained lipid
droplets were deposited, whereas in the HFDHFr + OMT group, lipid droplets were significantly reduced between the
NC and HFDHFr groups (Figure 2b).

Based on the increased hepatic TG content in the HFDHFr group and the section staining results suggesting hepatic
steatosis, we deduced that the diagnosis of NAFLD in rats in the HFDHFr group was established.

Serum and Liver Metabonomic Analysis

First, the PCA scatterplot of serum and liver showed that QC samples were closely clustered together, indicating that
instrument detection stability was good during this experiment (Supplemental Figure 1). In the OPLS-DA model, there
was an obvious separation between the groups, indicating a significant difference between the groups. The displacement
test showed no overfitting and performance proving that the data were reliable (Supplemental Figures 2 and 3). The
differential metabolites among groups were screened according to the criteria that the VIP value of the first principal
component of the OPLS-DA model was >1 and the p-value of theT #-test was <0.05. 163 and 352 differential metabolites

Table | Effect of Oxymatrine on the Serum Parameters in High-Fat-
High-Fructose-Diet Fed Rats

Parameters NC HFDHFr HFDHFr+OMT
Serum TG (mmol/L) 0.99+0.18 2.39+0.25% 1.64+0.11°
Serum TC (mmol/L) 1.13£0.10 2.18+0.30* 1.73£0.21°
Serum ALT (IU/L) 25.51+3.92 46.10+8.74° 33.06+6.51°

Notes: Data are expressed as means+SD. n=5 rats for each group. *p<0.01 vs NC group.
®p<0.01 vs HFDHFr group.

Abbreviations: NC, normal diet; HFDHFr, high-fat-high-fructose diet; HFDHFr+OMT,
HFDHFr diet supplemented treated with OMT.
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Figure 2 Comparison of liver TG content (a) in mice and HE staining and Oil Red O staining of mice liver tissue of each group (x200) (b). *p<0.05 vs. NC, **p<0.01 vs. NC,
#$<0.05 vs. HFDHFr, #p<0.01 vs. HFDHFr.

were detected between HFDHFr and NC groups in serum and liver, respectively. 424 and 534 differential metabolites
were detected between HFDHFr+OMT and HFDHFr groups in serum and liver, respectively (Supplemental Table 1).
Based on the thermographic results of the metabolite differences between the groups of serum and liver samples, the
first 50 metabolites with the most significant differences were mainly glyceride phospholipid metabolites such as
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and other different branch chain forms (Figure 3a and b).
In serum samples, the expression levels of different branch chain forms of glycerophospholipid metabolites were
almost the same in the NC group and HFDHFr group, but they were significantly higher in the HFDHFr + OMT group,
such as PE (18:1(11Z)/0:0), PE (18:1(92)/0:0), PE(0:0/18:2(9Z,12Z)). Compared with NC group, LysoPC (22:6 (4Z, 7Z,
10Z, 13Z, 16Z, 197)/0:0), PC (22:6 (4Z, 7Z, 10Z, 13Z, 16Z, 197)/0:0), two branched chain forms, were low expressed in
HFDHFr group and high expressed in HFDHFr + OMT group, LysoPC (0:0/18:2 (9Z, 12Z)), LysoPC (18:2 (9Z, 12Z)/

&

Figure 3 Among the serum (a) and liver (b) samples, the first 50 metabolites with the most significant differences among the three groups. Red represents high expression
and blue represents low expression.
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0:0), LysoPC (18:1 (11Z)) was high expressed in the HFDHFr group in the HFDHFr + OMT group, the expression
was low.

In the liver samples, compared to the NC group, the different branch chain forms of most glycerol phospholipids
showed low expression in the HDFHFr and HFDHFr + OMT groups, and low expression was more significant in the
HFDHFr + OMT group, such as LysoPC (20:4 (82, 11Z, 14Z, 17Z)/0:00), PC (20:4 (5Z, 8Z, 11Z, 14Z)/0:00), and PC
(22:5 (42, 7Z, 10Z, 13Z, 16Z)/0:00). PE (P — 18:0/20:4 (5Z, 8Z, 10E, and 14Z) (120H [S])) was showed highly
expressed in in the HFDHFr group. PE (17:0/22:4 (7Z, 10Z, 13Z, 16Z)), 1LysoPC (0:0/18:2 (9Z, 12Z)), PC (18:2 (9Z,
127)/0:0), and 1LysoPC (18:1 (11Z)) showered highly expressed in in the HFDHFr + OMT group.

We also found that in liver samples, tauoursocholic acid, ADP, FAD, and galactonic acid were highly expressed in the
HFDHFr group compared to the NC group, and this trend was reversed after feeding OMT (Figure 4). The expression of
eicosapentaenoic acid, oleamideoleamide, and stearoylcarnitine was downregulated, the expression of desmosterol,
d-galactose, phosphohydroxypyruvic acid, d-glucuronic acid, and d-maltose were upregulated (Figure 5).

Compared to the HFDHFr group, except for the upregulation of L-arginine, most amino acid levels were down-
regulated in the HFDHFr + OMT group including L-aspartic acid, L-serine, L-isoleucine, L-ornithine, L-valine,
L-histidine, and L-glutamate. However, the changes in these metabolites in the serum samples showed an opposite

trend to those in the liver samples (Figure 6a and b).
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Figure 4 Other metabolites with significant differences among the three groups in liver samples. Red represents high expression and blue represents low expression.
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Figure 5 Metabolites with significant differences among the HFDHFr + OMT group and HFDHFr group in liver samples. Red represents high expression and blue represents
low expression.
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Figure 6 Metabolites with significant differences among the HFDHFr group and NC group in serum samples (a) and liver samples (b). Red represents high expression and
blue represents low expression.

Metabolite Enrichment and Pathway Analysis

The KEGG pathways with significantly enriched differential metabolites are displayed in a bubble diagram (Figure 7a—d).
The metabolic pathways significantly affected included citrate cycle (TCA cycle), histidine metabolism, purine metabolism,
linoleic acid metabolism, biosynthesis of unsaturated fatty acids, primary bile acid biosynthesis, and sphingolipid signaling
pathway.

Discussion

Our study simulated typical Western eating habits and successfully established an NAFLD rat model based according to
body weight, liver weight, and histology of rats fed with HFDHFr diet. Our study is the first to observe changes in small-
molecule metabolites produced by OMT in the serum and liver of NAFLD rats induced by a high-fat-high-fructose diet
and to explore the possible target of OMT to improve NAFLD. Our study found that OMT can significantly reduce liver
TG content and improved liver lipid deposition as well as insulin resistance (IR), which is consistent with previous
research results, indicating that OMT plays a role in resisting the multiple strike pathogenesis of NAFLD caused by
dietary factors. This may be related to the fact that OMT decreases hepatic lipid metabolism in HepG2 cells by regulating
miR-182, Inhibiting sterol regulatory element-binding transcription factor 1 (Srebefl) and activating peroxisome
proliferator-activated receptor o (Ppara).'!

In the metabolism of rats fed with HFDHFr, we found that the levels of desmosterol were upregulated and the level of
EPA was downregulated compared to those in the NC group. Desmosterol is an endogenous agonist of the X receptor
(LXR), the main regulator of liver lipid metabolism, involved in many pathophysiological processes including inflam-
mation, diabetes (DM), non-alcoholic steatohepatitis (NASH) as an intermediate product of cholesterol synthesis.'”
Studies have shown that the desmosterol level in liver is positively correlated with the degree of liver steatosis and
inflammation. Increased desmosterol levels can be used as a sign of liver cholesterol metabolism disorder. The elevated
desmosterol level was consistent with the increased lipid deposition and TG content in the liver in our study. EPA is
conducive to weight loss and increasing liver superoxide dismutase activity and the level of glutathione (GSH), thus
reducing oxidative stress and improving NAFLD induced by a high-fat-diet.?' Previous studies showed that the level of
EPA in the liver of rats fed with high fat and mice fed with high-fructose and high-corn-syrup were significantly
decreased, which was consistent with our results.'*** Therefore, the development of NAFLD induced by high-fat-high-
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Figure 7 Metabolic pathways associated with disordered metabolites after long-term intake of high high-fat and high high-fructose in serum (a) and in liver (b) (TOP20).
Metabolic pathways associated with disordered metabolites after OMT intervention in serum (c) and in liver (d) (TOP20).

fructose may be related to interfering with cholesterol metabolism and decreasing EPA levels. Desmosterol and EPA may
be used as biochemical markers of NAFLD consequently.

The levels of branched chain amino acids (BCAAs) in the liver, including L-isoleucine and L-valine, were
significantly decreased after treatment. BCAAs can mediate the activation of several important liver metabolic signal
transduction pathways from insulin signal transduction to glucose regulation, including improving insulin resistance.”® It
was found that BCAAs levels were elevated in patients with NAFLD and in people with high fat density, and plasma
BCAAs levels were positively correlated with intrahepatic lipid content.>**> While the causal relationship between
BCAAs and NAFLD is still open to debate. One study suggested that the observed link between BCAAs and NAFLD
may be confounded by factors such as insulin resistance, which increases circulating amino acid levels by increasing
muscle protein catabolism. However, some preclinical models support a causal role for BCAAs in the development of
NAFLD. For example, overexpression of phosphatase PPM1K reduces circulating BCAAs, which reduces hepatic
steatosis in mice.”® Previous study showed that the BCAAs level in liver of NAFLD rats fed with a high-fat diet is
increased, and then significantly decreased after the intervention of Eurycoma longifolia, a kind of obesity drug, which
may be related to the improvement of IR, the increase of glucose oxidation, and the reduction of circulating fatty acids.?’
Although there was no significant difference in BCAAs level between the HFDHFr group and NC group in our study,
which may have a bearing on the difference of forage compounding or animal model, the BCAAs levels were obviously
decreased after OMT treatment, which may herald the improvement of IR and liver lipid deposition.

Arachidonic acid (AA), an important precursor for the synthesis of inflammatory mediators, plays a role in the
development of metabolic diseases such as NAFLD and correlates with the severity of NAFLD.?® Elevated AA levels
can be an early indicator of inflammation induced by a high-fat diet, which can be converted to leukotrienes, among
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others, via the lipoxygenase (LOX) pathway, driving the progression of NAFLD to NASH.*~*® OMT can reduce the
production of inflammatory factors such as PGE2 (prostaglandin E2) and TNF-a (tumor necrosis factor-o) and can
downregulate TLR4 (toll-like receptor 4)/NF-kB downregulation to exert anti-inflammatory effects.'’ The decrease in
AA levels after OMT intervention may predict that OMT may promote its anti-inflammatory effects by restoring AA
metabolism to alleviate NAFLD.

Dysfunctional citric acid cycle (TCA cycle) plays a role in the pathogenesis of NAFLD, and intracellular lipid
accumulation in hepatocytes can lead to dysregulation of TCA cycle activity and associated alterations in metabolite
levels, whereas sustained TCA cycle activity in turn accelerates oxidative stress and inflammation and exacerbates
hepatic mitochondrial dysfunction.®'*? It was found that hyperactivation of the tricarboxylic acid cycle in high-fructose
corn syrup-fed mice may contribute to the exacerbation of steatosis during HFD-HFCS-induced NAFLD.** TCA cycle
dysregulation was also observed in high-fat diet mice.** Hyperactivation of the TCA cycle after the HFDHFr diet in the
present study was reversed after OMT intervention, suggesting that OMT may ameliorate NAFLD by reverting to the
pathway of dysregulated TCA cycle metabolism.

Histidine metabolism is associated with NAFLD. Elevated levels of histidine correlate with the severity of
NAFLD.?’ Increased levels of its metabolite histamine lead to elevated levels of PARP-1 and IL-1p, as well as
MAO-A, total MAO, CRP, and AST/ALT, causing liver injury.’® In addition, histamine may regulate metabolic and
inflammatory processes in other organs targeted by metabolic syndrome. Two potential mechanisms associated with
histamine receptors may attenuate liver injury during the initial and progressive stages of NAFLD in a manner
involving the regulation of cholesterol and bile acid metabolism.>’=® In an untargeted metabolomic analysis of
nonobese NAFLD patients, levels of the histamine synthesis precursor histidine were elevated, and levels of the
histamine receptor agonist histamine-trifluoromethyl-toluidide were decreased.”* In contrast, in the present study,
histidine metabolism was disturbed in the HFDHFr group with elevated histidine levels and increased histamine, and
histamine and histamine levels decreased after OMT intervention. OMT may improve NAFLD by downregulating
histamine levels and attenuating liver injury.

Hypoxanthine levels are increased in the NAFLD population and are diet-independent.** Impaired purine metabolism
due to increased levels of hypoxanthine metabolites was detected in high-fat-fed rabbits, and the increase in hypox-
anthine was associated with increased oxidative stress in hepatocytes,39 Our study found that both hypoxanthine and
xanthine levels decreased after OMT administration, suggesting that OMT may improve NAFLD by reducing hypox-
anthine levels and repairing purine metabolism to alleviate oxidative stress.

As an essential fatty acid that cannot be synthesized in vivo, linoleic acid (LA) is essential for health because of
many beneficial effects including improving liver lipid deposition and IR. Studies have shown that the LA level in
the serum of NAFLD patients decreases, and the degree of decline is positively related to the severity of NAFLD
and negatively related to the level of serum anhydrase.’’*' The LA metabolite 9-hydroxy-octadecadienoic
(9-HODE) increases PPARy expression.*>*> PPARy is a known regulator of glucose homeostasis and lipid meta-
bolism and plays a role in the development of NAFLD.** 9-HODE decreased in Rats after high-fat diet and
increased after Jiangzhi intervention, which is similar to the results of the present study.”” Our study found that
the levels of both LA and its metabolite 9-HODE were elevated after OMT administration, suggesting that OMT
may contribute to the amelioration of NAFLD by modulating the levels of LA and its metabolites, thereby affecting
the expression of PPARY.

This study is the first to observe the effects of OMT on serum and liver metabolism in NAFLD rats induced by high-
fat-high-fructose-diet, providing a new theoretical basis for the mechanism and treatment of NAFLD. However, there
were still several deficiencies: 1. The number of samples was small, and the sex was single, without an impact on female
rats; 2. The levels of inflammatory factors and oxidative stress markers were not detected in this study, and these
problems will be considered in future studies.

Conclusion
Oxymatrine can improve NAFLD induced by a high-fat-high-fructose diet in rats by possible mechanism of affecting
amino acids, purine metabolism, and other metabolic pathways in the serum and liver. Desmosterol EPA and d-galactose
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levels may serve as biochemical markers of NAFLD and provide an early warning, whereas L-isoleucine, L-valine, AA,
TCA, TDCA, isocitrate, GSH, LA, PC, GPC, and GSSG may be used as biomarkers for the efficacy of OMT in the
treatment of NAFLD and provide a theoretical basis and new ideas for further therapy.
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