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Aggravated hepatic fibrosis induced
by phenylalanine and tyrosine was ameliorated
by chitooligosaccharides supplementation

Peng Liu,"? Heng Li,"** Hongyu Xu,® Jinsong Gong,” Min Jiang,! Zhenghong Xu,® and Jinsong Shi’

SUMMARY

Hepatic fibrosis is a classic pathological manifestation of metabolic chronic hepatopathy. The pathological
process might either gradually deteriorate into cirrhosis and ultimately liver cancer with inappropriate
nutrition supply, or be slowed down by several multifunctional nutrients, alternatively. Herein, we found
diet with excessive phenylalanine (Phe) and tyrosine (Tyr) exacerbated hepatic fibrosis symptoms of liver
dysfunction and gut microflora dysbiosis in mice. Chitooligosaccharides (COS) could ameliorate hepatic
fibrosis with the regulation of amino acid metabolism by downregulating the mTORC1 pathway, espe-
cially that of Phe and Tyr, and also with the alleviation of the dysbiosis of gut microbiota, simultaneously.
Conclusively, this work presents new insight into the role of Phe and Tyr in the pathologic process of he-
patic fibrosis, while revealing the effectiveness and molecular mechanism of COS in improving hepatic
fibrosis from the perspective of metabolites.

INTRODUCTION

Hepatic fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) in liver, a precursor pathology to cirrhosis, which
could further cause an increase in mortality.”” Activation of myofibroblasts from vitamin A-storing quiescent hepatic stellate cells (HSCs) is
a critical driver in the progression of hepatic fibrosis as these cells become the primary source of ECM.? Clinical and experimental hepatic
fibrosis was reportedly regressed when the causative agent was eliminated, such as activated HSC and fibrous scar.” However, the mecha-
nisms underlying the occurrence and reversibility of hepatic fibrosis are still unclear, including those underlying HSC activation, cellular sour-
ces of ECM, and the pathway of fibrosis regression. Continued efforts over the past few decades have greatly increased the knowledge of the
molecular mechanisms of hepatic fibrosis.” It is noteworthy that abnormal metabolism can induce negative feedback on cellular responses in
the liver.® For instance, overaccumulation of lipids in hepatocytes could drive HSC activation and further induce carbohydrate metabolism
dysfunction.”® Moreover, converging evidence from recent epidemiological studies has revealed that a disorder of amino acid metabolism
supports remodeling of the ECM and breakdown of immune homeostasis, which is related to the pathogenesis of hepatic fibrosis.” " Clinical
and related basic studies are constantly providing new information on the puzzle of liver injury, revealing that increased levels of aromatic
amino acids (AAAs) and decreased levels of branched-chain amino acids are an index of the degree of severity and prognosis of hepatic
fibrosis.'” Concurrently, high levels of AAAs continue to exhibit a pathophysiological effect in hepatopathy, including hepatic fibrosis and
liver cancer, for example, Phe and its metabolites can induce liver steatosis.'® Additionally, imbalance of amino acid metabolism homeostasis
has been revealed closely relating to alterations in gut microbiota.'* Liver could affect intestinal microbial communities through the hepato-
intestinal axis, in which the gut microbiota acts as a key part of this bidirectional communication. Therefore, the control of microbial commu-
nities is critical for maintaining homeostasis. As an effector of amino acid, mammalian target of rapamycin complex 1 (nTORC1) has a double-
1576 \while on the other hand, it can
trigger hyperactivation of HSCs which serves as a therapeutic target to block the development of hepatic fibrosis.!” However, the mechanism
of these cascadic reactions caused by dysfunction of amino acid metabolism remains unclear.

edged role: on the one hand, it can integrate diverse signals to maintain homeostasis of cell metabolism,

Functional food not only provides basic nutrition but also possesses the ability of the regulating metabolism, and further affects liver func-
tion. Chitooligosaccharides (COS), typical amino-oligosaccharides, have been proved to possess the ability of hepatoprotection, reflected in
inhibiting hepatoma progression, improving glucolipid metabolism disorder in fatty livers, and resisting oxidative stress in ethanol-induced
acute hepaticinjury.'® % In our previous study, COS significantly ameliorated toxicity and liver function in carbon tetrachloride (CCly)-induced
hepatic fibrosis model.?'*” However, little information is currently available on the metabolic modulation mechanism of COS in hepatopathy,
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Figure 1. COS reversed the progression of CCls-induced hepatic fibrosis

(A-B) Hematoxylin-eosin and Sirius red staining of liver sections (n = 6).

(C) The protein levels of a-SMA and Col1 in liver tissues were analyzed by western blotting (n = 3).

(D and E) The grayscale of a-SMA and Col1.

(F-H) The mRNA levels of IL-1B, TGF-B1, and TNF-a (n = 6). All values are presented as means + SEM. Significantly different (*p < 0.05, **p < 0.01) versus the CCly
group. Significantly different (#p < 0.05, ##p < 0.01 ###p < 0.001) versus the CTL group. Scale bar, 100 um.

reflected in the evaluation of the metabolic pathway by assessment of key proteins or genes. This has limited our knowledge on the amelio-
rative effect of COS on liver disease. Moreover, direct empirical evidence is still lacking.

This study hypothesized that the anti-hepatic fibrosis efficacy of COS might be associated with the modulation of amino acid metabolism
homeostasis, especially AAAs metabolism. Accordingly, from the perspective of metabolic profiling, the potential mechanism of COS in
reversing hepatic fibrosis was explored in a CCly-induced mouse model of hepatic fibrosis by employing metabolomics. Furthermore, 16s
RNA sequencing was performed to study the regulatory effect of COS based on gut-liver axis. These studies would contribute to further un-
derstanding of the underlying molecular mechanism of COS intervention in hepatic fibrosis and thus suggest a new anti-hepatic fibrosis
strategy.

RESULTS

COS relieved the pathological process of hepatic fibrosis in mice

A preliminary evaluation of the amelioration of COS on hepatic fibrosis showed that hepatic lesions were apparent in CCl-treated mice, with
the loss of parenchymal architecture and intense neutrophilic invasion. However, COS prevented hepatic lesions induced by CCly (Figure 1A).
Further, COS prevented fibrous collagen deposition and reduced the protein levels of a-smooth muscle actin (z-SMA) and Type | collagen
(Col1) (Figures 1B-1E). Moreover, COS can inhibit the CCls-induced enhancement of the mRNA levels of interleukin (IL) -1B, tumor necrosis
factor alpha (TNF-¢), and transforming growth factor (TGF) -B1; especially, in the HC group, the mRNA levels of IL-18, TGF-B1, and TNF-a,
decreased by 50.7%, 45.0%, and 62.6%, respectively (Figures 1F=1H) (The primers used in gRT-PCR were shown in Table 1). Conclusively,
COS could alleviate the pathological symptoms of mice with hepatic fibrosis.

Metabolite mapping for alleviation of hepatic fibrosis by COS supplementation

COS supplementation reduced Phe and Tyr levels in the serum of mice with hepatic fibrosis

The application of metabolomics in searching for hallmark metabolites in cells, organs, or excretions could reveal a pathway related to disease
progression and prospectively explain the underlying mechanism. Therefore, serum metabolites were investigated by LC-MS/MS. There were
50 significantly different metabolites between heathy mice and COS-treated mice compared with those in hepatic fibrosis mice (p < 0.05)
(Figure 2A). The intensities of 21 target metabolites were increased or decreased in mice with hepatic fibrosis but changed to basal levels
in COS-treated mice (Figures 2B, S1, and S2). The levels of these metabolites were subjected to Ward's hierarchical clustering analysis to
ascertain the accurate separation of the hepatic fibrosis mice and COS-treated mice (Figure 2B).
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Table 1. Specific primers used for qRT-PCR analysis of gene expression

Species Gene Forward (5'-3') Reverse (5'-3')

Mouse TNF-a. ACCACGCTCTTCTGTCTA TCCACTTGGTGGTTTGCT
Mouse IL-1B GCAACTGTTCCTGAACT ATCTTTTGGGGTCCGTCA
Mouse Caspaes 9 TCCTGGTACATCGAGACC AAGTCCCTTTCGCAGAAA
Mouse Caspase 3 CTGACTGGAAAGCCGAA CGACCCGTCCTTTGAATT
Mouse B-actin GGCTGTATTCCCCTCCATC CCAGTTGGTAACAATGCC
Human a-SMA CTATGAGGGCTATGCCTTG GCTCAGCAGTAGTAACGA
Human Col1a1l ATCAACCGGAGGAATTTC CACCAGGACGACCAGGTTT
Human Col4al CCAGGGGTCGGAGAGAA GGTCCTGTGCCTATAACAAT
Human TGF-B GGCCAGATCCTGTCCAAG GTGGGTTTCCACCATTAGC
Human IL-18 AGCTACGAATCTCCGACC CGTTATCCCATGTGTCGAA
Human TNF-a GAGGCCAAGCCCTGGTAT CGGGCCGATTGATCTCAGC
Human Caspase 9 CTGTCTACGGCACAGATG GGGACTCGTCTTCAGGGGA
Human Caspase 3 AGAGGGGATCGTTGTAGA ACAGTCCAGTTCTGTACCA
Human IL-6 CCTGAACCTTCCAAAGAT TTCACCAGGCAAGTCTCCT
Human TAT CTGGACTCGGGCAAATAT GTCCTTAGCTTCTAGGGGT
Human PAH TTCCCAAGAACCATTCAA GCGGTAGTTGTAGGCAATG
Human TYR GCAAAGCATACCATCAGC GCAGTGCATCCATTGACAC
Human B-actin CATGTACGTTGCTATCCAG CTCCTTAATGTCACGCACG

Furthermore, 10 metabolic pathways were found, seven of which were associated with amino acid metabolism and were the most influ-
ential metabolic pathways associated with COS treatment. In particular, the Phe, Tyr, and Tryptophan (Trp) biosynthesis pathway was very
vital (Figure 2C). It is widely known that an enhancement in the blood levels of Phe and Tyr is associated with hepatopathy,”?* herein,
this increase was indeed decreased by COS treatment. Detailed analysis showed that the intensities of Phe and Tyr in mice with hepatic
fibrosis were increased, while the intensity of Trp remained relatively invariable (Figure S2). Consistently, HPLC analysis verified that COS treat-
ment decreased the levels of Phe and Tyr in the serum of hepatic fibrosis mice (Figure 2D). Disorders of Phe metabolism are observed in the
damaged liver, which is the main site of hydroxylation of Phe to Tyr and further degradation of Tyr.?” Taken together, our results established
the possible therapeutic strategy of using COS to ameliorate amino acid metabolic disorders in hepatic fibrosis, especially to abate the levels
of Phe and Tyr.

COS treatment promotes the utilization of Phe and Tyr in injured hepatocytes in vitro

Given that liver damage caused by CCly was accompanied by free radical generation, an in vitro study of L-02 cell injury induced by hydrogen
peroxide (H,O,) was performed to further confirm whether COS drive the metabolism of Phe and Tyr. The metabolism of Phe and Tyr in
damaged cells was lower than that in normal cells, but was enhanced by COS treatment (Figures S3A-S3C), consistent with the results ob-
tained in vivo (Figure 2D). Moreover, the mRNA levels of key enzymes in the Phe and Tyr metabolic pathways were determined. In damaged
cells, incubation with COS increased the mRNA levels of Phe hydroxylase (PAH), Tyr aminotransferase (TAT), and tyrosinase (TYR), which might
be due to improvement in cell damage (Figures S3D-S3F) (The primers used in gRT-PCR were shown in Table 1). Summarily, the results veri-
fied that COS promoted the metabolism of Phe and Tyr, as biomarkers of hepatic fibrosis, which might be attributed to an increase in the
expression level or activity of metabolic enzymes.

COS ameliorated the deterioration of liver dysfunction induced by Phe and Tyr

Imbalanced amino acid pools may continue to play a pathophysiological role in liver insufficiency.”® In this study, the symptoms of liver injury
induced by Phe and Tyr were apparent in CCls-treated mice, including inflammatory infiltration, vacuolization, and fat deposition, which were
further aggravated by excessive Phe and Tyr supplement (Figures 3A-3C and S4). It is well known that pathological deposition of ECM is a
fundamental feature of hepatic fibrosis. As the major ECM producer and hepatic fibrosis progression driver, activated HSCs are characterized
by increased level of a-SMA. Compared with those in the CTL group, the collagen deposition, hydroxyproline (HYP), a-SMA and Col1 levels
were increased upon Phe and Tyr treatment and CCl, challenge, while those in the Phe, Tyr, and CCl, combined treatment group were more
enhanced than those in the single-CCly treatment group (Figures 3D-3G). Compared with those in the CCl, group, the levels of collagen
deposition, HYP, a-SMA, and Col1 in the Phe, Tyr, and CCl; combined treatment group were increased by 31.2%, 16.6%, 21.0%, and
15.6%, respectively. Coincidentally, the biochemical indicators reflecting liver function showed a consistent trend of change (Figure S5).
Phe- and Tyr-induced hepatotoxicity was relieved by COS treatment (Figure 3). In summary, Phe and Tyr could cause the deterioration of liver
function, which was blocked by COS treatment.
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Figure 2. Identification of potential metabolites upon COS treatment
(A) Venn diagram showing the metabolites in the groups.
(B) The heatmap of 21 potential metabolites.

(C) Enrichment analysis combining function-related metabolites to determine consistent changes among related metabolites; the color and bar length indicate
the p value and fold enrichment, respectively.

(D) The contents of Phe, Tyr, and Trp in serum samples were analyzed via HPLC (n = 3). All values are presented as means + SEM. Significantly different (*p < 0.05)
versus the CCl, group. Significantly different (#p < 0.05, ##p < 0.01) versus the CTL group. Not significantly different (ns p > 0.05).

Given that mTORCT1 is located at the intersection of amino acid metabolism and hepatic fibrosis, it was reasonable to detect the status of
the mTORC1 pathway.”’ The data exhibited that the phosphorylation levels of mTOR and 70-kDa ribosomal protein Sé kinase (p70 S6K1) were
increased in mice challenged with CCl, indicating that the mTORC1 pathway was activated in mice with hepatic fibrosis, while it was inhibited
by COS treatment (Figure Sé). Furthermore, the mTORC1 pathway was consistently overactivated in the Phe, Tyr, and CCly combined group
compared with that in the single-CCl, treatment group, reflected by the enhancement of the levels of the downstream proteins of the
mTORC1 pathway, including elF4E and 4E-BP1 (Figure 4). The deterioration of the aforementioned pathological markers caused by Phe
and Tyr was counteracted by the mTORC1 inhibitor RAP, suggesting that Phe and Tyr aggravated the liver dysfunction in mice with hepatic
fibrosis by upregulating the mTORC1 pathway (Figures 3 and 4). Meanwhile, COS treatment palliated hepatic lesions, collagen deposition,
and hyperactive mTORC1 pathway, which were abolished by the activator of mMTORC1 (MHY1485, MHY) (Figure 4). Together, the data inte-

grally illustrated that the severity of hepatic fibrosis was exacerbated by Phe and Tyr, but was decreased by COS treatment through the
mTORC1 pathway.

Detailed exploration of the mechanism underlying the effect of COS supplementation on hepatic fibrosis
Repression of apoptosis in hepatocytes

Given the deteriorative effects of Phe and Tyr on hepatic fibrosis, it was of great value to investigate their influence on cell growth at the mo-
lecular level. The liver comprises multiple cell types, among which hepatocytes account for most of the volume of the liver and exercise main
functions. Phe and Tyr indeed caused damage to L-02 cells, characterized by increased levels of IL-1B, TNF-a, caspase 3, and caspase 9 (Fig-
ure S7) (The primers used in gRT-PCR were shown in Table 1). Further, mitochondrial membrane potential was destroyed in the aa group
(treatment with Phe and Tyr), while it was improved by COS (Figure 5A). The protein or gene levels of TGF-B1, mature IL-1B, TNF-a, caspase
9, and cleaved caspase 3 were all consistently enhanced after Phe and Tyr challenge, which were alleviated by COS treatment (Figures 5B-5F
and S8). Moreover, Phe and Tyr stimulated hyperactivation of the mTORC1 pathway in L-02 cells, which was restored by COS treatment

4 iScience 26, 107754, October 20, 2023
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Figure 3. Improvement of hepatic fibrosis induced by combining Phe, Tyr, and CCl, in mice
(A and B) Hematoxylin-eosin and Sirius red staining of liver tissue (n = 6).

(C) Positive staining areas with Sirius red stain.

(D) The levels of HYP in liver tissue (n = 6).

(E) The protein levels of a-SMA and Col1 were analyzed via western blotting (n = 3).

(F and G) The grayscale analysis of a-SMA and Col1. All values are presented as means + SEM. Significantly different (*p < 0.05, **p < 0.01, ***p < 0.001)
compared with AA and CCl, treatment. Significantly different (#p < 0.05, ##p < 0.01, ###p < 0.001) compared with the CTL group. Significantly different
( V p < 0.05) compared with CCl, treatment.

(Figures 5G-5I), in line with the influence of COS treatment on the mTORC1 pathway in vivo (Figure Sé). It reported that transient inhibition of
mTORC1 signaling by rapamycin inhibit cellular apoptosis, further against irradiation-induced liver damage,”® suggesting that the activation
of mTORC1 pathway might promote the hepatocyte apoptosis. In summary, this further emphasized that hepatocytes could be damaged by
Phe and Tyr, which was responsible for the exacerbation of hepatic fibrosis, but the damage was reversed by COS treatment via the mTORC1
pathway.

Restriction of hyperactive fibroblasts

The activation of HSCs is the pivot of hepatic fibrosis admittedly, hence it is reasonable to explore the effects of Phe and Tyr on HSCs.
Similarly, LX-2 cells were activated by Phe and Tyr at low concentrations (Figure S9). Furthermore, COS inhibited Phe- and Tyr-induced
activation of LX-2 cells (Figures 6A-6C and S10). Given that the mTORC1 pathway is located at the intersection of amino acid homeostasis
and the pathological process of hepatic fibrosis, the mTORC1 pathway was analyzed and was observed to be activated by Phe and Tyr
(Figures 6A, 6D, and 6E). However, the activation effect of Phe and Tyr was prominently inhibited by RAP, suggesting that Phe and Tyr
could induce LX-2 cell activation depending on the hyperactivation of the mTORC1 pathway (Figures 6F and 6G). Further, the fluctuation
in the trend of @-SMA and Col1 levels also illustrated this mechanism (Figures 6H-6J). Additionally, the use of MHY also verified the mech-
anism of COS inhibition of the Phe- and Tyr-induced activation of LX-2 cells. MHY significantly activated LX-2 cells by upregulating the
mTORC1 pathway, manifesting in the enhancement of a-SMA and Col1 levels, while the cascadic reactions of MHY were reversed by
COS treatment (Figures 6K-60). Taken together, these data showed that LX-2 cells could be induced into an activated state by Phe
and Tyr through the mTORC1 pathway, but this was alleviated by COS treatment. The results were consistent with the aforementioned
in vivo results.
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Figure 4. Amelioration of hepatic fibrosis induced by combining Phe, Tyr, and CCl, in mice by inhibiting the mTORC1 pathway

(A) The protein levels of P-mTOR, mTOR, P-p70 S6K1, and p70 S6K1 were explored by western blotting (n = 3).

(B and C) The grayscale analysis of P-mTOR and P-p70 Sé6K1.

(D) Immunohistochemical analysis of P-elF4e and P-4EBP1 protein expression in liver (n = 6).

(E and F) Positive staining areas of P-elF4e and P-4EBP1. All values are presented as means + SEM. Significantly different (*p < 0.05, **p < 0.01, ***p < 0.001)
compared with AA and CCl, treatment. Significantly different (#p < 0.05, ##p < 0.01, ###p < 0.001) compared with the CTL group. Significantly different
(Vp <0.05, VVp < 0.01) compared with CCly treatment.

COS regulated the disruptive gut microecology caused by Phe and Tyr

Previous reports showed that gut microbes and their metabolites contribute jointly to the regulation of metabolism and organism functions in
the host.””*" Many of these cascadic reactions depend on the mTORC1 pathway, which affects the gut microbial community structure in a
feedback manner. Therefore, the gut microbiota and mTORC1 pathway could act in a synergetic manner.”” Gut microbiota as a pivotal hub
plays an increasingly crucial role in hepatic fibrosis progression. It can also accelerate metabolite production via fermentation to promote
nutrient metabolism and synthesis.**** Hence, gut microbiota is regarded as a prospective regulator of amino acid homeostasis. The finding
showed that a total of 1,589,402 raw reads, with an average of 79,470 + 6,392 reads per sample, were obtained. Partial least squares-discrim-
inant analysis was performed to exhibit a holistic perception of the microbiota. The results obtained in the CTL, CCl,, AA + CCly, and COS
groups were separated into four clusters. The apparent clustering of microbiota composition in the CCly group was distinct from that in the
AA + CCl, group, suggesting a different biological community, and the gut microbiota of the AA + CCl, group exhibited a slight structural
shift with COS treatment (Figures 7A and S11). Gut microbiota composition at the genus level was profoundly affected by the treatments,
including Dubosiella, Burkholderia-Caballeronia-Paraburkholderia, Enterococcus, Prevotella, Clostridia_vadinBB460_group, and Alistipes
(Figure 7B). Crucially, the Clostridiales_vadinBBé0_group is closely related to the levels of urinary choline and phosphorylcholine, which
are emerging as metabolic hallmarks of liver disease.® The abundances of Alistipes and Prevotella were highly correlated with amino acid
metabolism and were also positively associated with inflammation- and oxidative stress-induced liver injury.**~*® Furthermore, linear discrim-
inant analysis (LDA) analysis suggested that at the genus level, gut microbiota structure was profoundly altered, exhibiting different intestinal
microbial communities in various treatment groups (Figure 7C). These results suggested that stimulation with Tyr and Phe profoundly influ-
enced the gut microbiota structure of mice with hepatic fibrosis, which was simultaneously affected by COS treatment.
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Figure 5. Reduction of Phe- and Tyr-induced damage in L-02 cells

(A-I) The mitochondrial membrane potential of L-02 cells was detected using a JC-1 probe (A). The protein levels of TGF-B1, mature IL-1B, caspase 9, and cleaved
caspase 3 were analyzed by western blotting (B). The grayscale of TGF-B1 (C), mature IL-1B (D), caspase 9 (E), and cleaved caspase 3 (F). The pivotal protein levels
inthe mTORC1 pathway were analyzed by western blotting (G). The grayscale of P-mTOR (H) and P-p70 S6K1 (1). All values are presented as means + SEM (n = 3).
Significantly different (*p < 0.05, **p < 0.01) versus the AA group. Significantly different (#p < 0.05, ##p < 0.01) versus the CTL group.

To specifically identify the characteristic bacteria, 64 ASVs showed remarkable alterations in the CTL group compared with the AA + CCly
group, with 26 ASVs increased and 38 ASVs decreased (Figures 8A and 8B). Based on these 64 ASVs, the bacterial communities in the CCly
and COS groups were compared with those in the AA + CCl, group. In the AA + CCly group, the relative abundances of the Rikenella-
ceae_RC9_gut_group, Oscillibacter, Colidextribacter, Oscillospiraceae family (ASV116, ASV153, ASV168, ASV142), Incertae_sedis, Eubacter-
ium_siraeum_group, UBA1819, Eubacterium_coprostanoligenes_group, Blautia, Acetobacter, Lachnospiraceae family (ASV220, ASV245,
ASV168, ASV142, ASV261, ASV155, ASV52), Eubacterium_xylanophilum_group, and Staphylococcus were increased, while those of
Muribaculaceae, Ruminococcaceae family (ASV86), Ruminococcus, GCA-900066575, and Enterorhabdus were decreased compared
with those in the CCly group. Among these, the relative abundances of Oscillibacter, ASV116 of Oscillospiraceae, Incertae_sedis,
Eubacterium_siraeum_group, UBA1819, Eubacterium_coprostanoligenes_group, Blautia, Acetobacter, and Lachnospiraceae family
(ASV220, ASV245, ASV155, ASV52) were reversed by COS treatment (Figure 8B). Distinct functions of altered ASVs were concurrently identi-
fied by PICRUSt2 analysis; 41 pathways were altered between the AA + CCl, and COS groups, among which the pathway of amino acid meta-
bolism was the most altered (Figure S12A). Further analysis showed that 14 pathways of amino acid metabolism were affected, especially Phe
metabolism, Tyr metabolism, and Phe, Tyr, and Trp biosynthesis (Figure S12B). Additionally, among the 64 ASVs, the relative abundances of
10 ASVs exhibited statistical differences between the AA + CCl, and COS groups. Noticeably, these 10 ASVs mainly belonged to the families
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Figure 6. Amelioration of Phe- and Tyr-induced activation of LX-2 cells by downregulating the mTORC1 pathway

(A-O) The protein levels of a-SMA, Col1, P-mTOR, mTOR, P-p70 S6K1, and p70 S6K1 were explored by western blotting (A) The grayscale of a-SMA (B), Col1 (C),
P-mTOR (D), and P-p70 S6K1 (E) After applying RAP (F-J) and MHY (K-O), the protein levels of a-SMA, Col1, P-mTOR, mTOR, P-p70 S6K1, and p70 S6K1 were also
determined and analyzed. All values are presented as means + SEM (n = 3). Significantly different (*p < 0.05, **p < 0.01, ***p < 0.001) versus the AA group.
Significantly different (#p < 0.05, ##p < 0.01, ###p < 0.01) versus the CTL group. Significantly different (Vp < 0.05, V Vp < 0.01) versus the MHY group.

Oscillospiraceae, Ruminococcaceae, and Lachnospiraceae (Figure S13A). A heatmap of the relationship among the altered gut microbiota,
key indicators of the mTOR pathway, and pathological parameters related to hepatic fibrosis was generated, showing that all the 10 ASVs
could improve liver function and inhibit mTOR activation, with ASV171, ASV79, ASV143, and ASV95 acting as key drivers (Figure S13B). In
conclusion, dysbiosis of gut microbiota in hepatic fibrosis was aggravated by Tyr and Phe, with the families Oscillospiraceae, Ruminococca-
ceae, and Lachnospiraceae possibly mainly contributing to the protective effect of COS on Tyr- and Phe-mediated liver injury.

DISCUSSION

Hepatic fibrosis has been recognized as a wound-healing response by the liver. It is also reversible and dynamic according to clinical trials and
theoretical analysis.”” Recently, it has been investigated that hepatic fibrosis is associated with metabolic abnormalities, which initiate a bio-
logical cascadic reaction to modulate gene expression and changes in cellular function. COS, which have a hepatoprotective effect, also
possess the ability to ameliorate hepatic fibrosis,”’ however, the precise mechanism is unclear, especially regarding to the regulation of me-
tabolites in hepatic fibrosis.

CCly, is one of the standardized and also most used hepatotoxins for hepatic fibrosis modeling establishment. It is metabolically activated
in hepatocytes by P450 cytochromes, mainly CYP2EI, leading to the formation of trichloromethyl radicals, which would trigger hepatocyte
death via lipid peroxidation and thus induce robust and rapid fibrosis.*® Herein, CCl, was applied to induce hepatic fibrosis model, and
metabolite mapping and quantitative analysis revealed that COS alleviated hepatic fibrosis by regulating amino acid metabolism homeosta-
sis, especially Phe and Tyr. The levels of Phe and Tyr in the serum were increased by CCl4 challenge, which were downregulated by COS treat-
ment, but the level of Trp remained unchanged. Shikimic acid and chorismite, intermediates in the pathway of AAAs, act upstream of the
crossroads of Phe and Trp. Shikimic and chorismite levels were increased in the CCly group, which were reduced by COS treatment (results
not shown). Hence, this deductively indicated that the increase of the levels of Phe and Tyr in mice with hepatic fibrosis may be caused by their
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Figure 7. Regulation of gut microbiota composition
(A-C) Partial least squares-discriminant analysis (PLS-DA) of 16S rRNA genes (A). Composition of gut microbiota at the genus level (B). Cladogram representing
the taxonomic hierarchical structure of the identified phylotype biomarkers generated by applying linear discriminant analysis effect size (LEfSe). Phylotypes
statistically overrepresented in the different groups (C).

accumulation. Additionally, as Trp metabolism involves non-unique inducible enzymes, changes therein may be unpredictable in mice with
hepatic fibrosis.”" Most Phe is oxidized to Tyr, which is metabolized by rate-limiting hepatic enzymes, including TAT and TYR, and then further
used to synthesize substances involved in lipid and carbohydrate metabolism.*'**> COS indeed promoted the metabolism of Phe and Tyr,
which might be attributed to the increase in the expression level of TAT, TYR, and PAH in this study. Previous studies showed that
COS improved liver injury through antioxidant effect, regulating the polarization of M1 and M2 macrophages, etc.,”'"** while the effects
of COS in anti-hepatic fibrosis might be related to the decrease of Phe and Tyr levels in this study. It consistently confirmed that COS
could regulate amino acid metabolism, especially by elevating gene expression levels and key enzyme activities, which further enhanced
Phe metabolism.*~*® Therefore, COS treatment-mediated improved hepatic fibrosis is primarily attributed to the reduction of Phe and
Tyr levels.

Mounting evidence suggests that high concentrations of Phe and Tyr can exacerbate oxidative stress and inflammation.”’*® Increased
concentrations of Phe and Tyr represent potential biomarkers for a number of cancers.”” Critically, these cascadic effects may be specific
to these two amino acids, which could participate in the regulation of cellular signals. This study further found that Phe and Tyr treatment
in mice with hepatic fibrosis deteriorated pathological symptoms. Interestingly, COS treatment alleviated Phe- and Tyr-induced liver dysfunc-
tion by inhibiting the mTORC1 pathway and repaired the gut microecology. The mTORC1 pathway responds sensitively to amino acids, as a
foreground biomarker and target in hepatic fibrosis. Activation of the mTORC1 pathway represents a pivotal signal hub during hepatic fibro-
genesis and contributes to the trans-differentiation of HSCs.'” Therefore, the mTORC1 pathway is located at the crossroads. COS coinci-
dently restored the hyperactivation of the mTORC1 pathway, contributing to Phe- and Tyr-induced liver injury. A recent study coincidentally
showed that COS resisted oxidative stress by accelerating amino acid transport by upregulating the mTOR pathway.”” It was also reported
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Figure 8. Pivotal ASVs modulated by Phe, Tyr, and COS
(A and B) Heatmap showing the abundance of 64 ASVs found to be significantly different between the CTL and AA + CCl, groups (A). Represented bacterial
taxonomic information from panel A. Significantly different (red and blue arrows, p < 0.05) compared with the AA + CCl, group (B).

that COS could sensitively block the hyperactivation of the mTORC1 pathway to fight against endoplasmic reticulum stress-induced
apoptosis.”’

Similarly, gut microbiota acts as a pivotal hub in hepatic fibrosis progression and amino acid synthesis. In this study, dysbiosis of gut micro-
biota in hepatic fibrosis aggravated by Tyr and Phe was reversed by COS treatment, and this was mainly attributed to the reduced relative
abundances of Oscillibacter, Incertae_sedis, Eubacterium_siraeum_group, UBA1819, Eubacterium_coprostanoligenes_group, Blautia, and
Acetobacter. Previous studies have consistently indicated that COS acts as a prominently moderator in AAAs metabolism through regulating
gut microbes.”” Some gut microbiota is substantially associated with alterations in plasma metabolites, particularly in those of amino acids,
including Oscillibacter, Eubacteriumcoprostanoligenes_group, and Blautia.””~>® Moreover, an increase in the abundance of Oscillibacter is
related to the activation of the mTORC1 pathway.”’**® Alterations in gut microbiota accompanied by metabolite disorders could indeed
enhance glucose production and further cause the overactivation of mMTORC1 pathway in hepatocytes.”’*® Conclusively, the COS treat-
ment-mediated improved Tyr- and Phe-mediated liver injury was attributed to blockade of mTORC1 pathway activation and remission of
the dysbiosis of gut microbiota.

Conclusion

Conclusively, hepatic fibrosis is accompanied by amino acid metabolism disorder, especially increases in Phe and Tyr levels. Phe and
Tyr exacerbated the severity of hepatic fibrosis and the dysbiosis of gut microbiota in hepatic fibrosis mice, suggesting that Phe and
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Figure 9. Schematic illustration of the potential mechanisms underlying the attenuation of hepatic fibrosis by COS.

Tyr acted to regulate cellular signal transduction in hepatic cells and profoundly influenced gut microbiota structure in hepatic
fibrosis, providing a new insight on the role of Phe and Tyr in hepatic fibrosis. Additionally, COS treatment prominently alleviated
CClg-induced hepatic fibrosis by reducing serum levels of Phe and Tyr as well as relieved Phe- and Tyr-induced liver dysfunction
by downregulating the mTORC1 pathway (Figure 9). Our study clarifies the unclear role of COS in hepatopathy, paving the way
for the treatment of hepatic fibrosis with COS.

Limitations of the study

This study aimed to provide insight into the effectiveness and molecular mechanism of COS in the intervention of hepatic fibrosis from the
perspective of metabolites. The availability of different COS monomers and the molecular targets (such as the target sites of mTORC1) for
their anti-fibrosis effect remain to be elucidated. Experiments probing the influence of the intestinal microecology should be conducted to
further provide important mechanistic insights.
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phospho-p70 S6K1

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

Tumor necrosis factor alpha (TNF-o)
Type | collagen (Col1)

Phospho-eukaryotic translation initiation factor
4E (elF4E)

Transforming growth factor B1 (TGF-B1)
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Cell Signaling Technology
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5536, RRID:AB_10691552
9202, RRID:AB_331676
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Chemicals, peptides, and recombinant proteins

COS Yangzhou Rixing Bio-Tech Co N/A
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Tyrosine (Tyr) Sigma-Aldrich T2900000
JC-1 probe Beyotime Institute of Biotechnology C2005
4,6-Di(4-morpholinyl)-N-(4-nitrophenyl)-1,3,5- MedChemExpress HY-B0795
triazin-2-amine (MHY1485)

Rapamycin MedChemExpress HY-10219
Critical commercial assays

5% All-In-One RT Master Mix kit Applied Biological Materials G592
SuperSignal™ West Pico PLUS Thermo Fisher Scientific 34580

Deposited data

Raw and analyzed data This paper Mendeley Data: https://doi.org/10.17632/
y5bnz99t7b.1.

Experimental models: Cell lines

hepatic cell line (L-02 cells) ATCC CBP60224

Hepatic stellate cells (LX-2 cells) BeNa Culture Collection BNCC337957

Experimental models: Organisms/strains

Male C57BL/6J mice Shanghai SLAC Laboratory Animal Co., Ltd 000664

Recombinant DNA

Primers for quantitative real-time PCR, see This paper N/A

Table 1

Software and algorithm

ImageJ https://ImageJ.nih.gov/ N/A
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GraphPad Prism version 8.0.1 Graphpad N/A

SPSS version 21.0 SPSS N/A

R packages R Foundation for Statistical Computing N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Heng Li (liheng@
jiangnan.edu.cn).

Material availability

This study did not generate new unique reagents.

Data and code availability

@ Data: the original data have been deposited at Mendeley Data and is publicly available as of the date of publication. The DOl is listed in the
key resources table.

® Code: the paper did not generate original code.

o All other items: any additional information in this paper is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse model

Male C57BL/6J mice with (20 g + 3 g) and 6-8 weeks old were handled according to the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health, and the experimental protocols were allowed by the related ethical regulations of Jiangnan
University, with the permission number JN.N020220315c0720505[032]. Mice were employed with good reliability and repeatability for
modeling, which were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China).”"*

Establishment of hepatic fibrosis model

Mouse model has been admittedly regarded as indispensable in clarifying the mechanisms of hepatic fibrosis and can mimic critical symp-
toms of hepatic fibrosis, such as transcriptomic changes and cellular interaction.’® CCly is typically used to generate hepatic fibrosis model
because it can induce robust fibrosis in a reasonable time frame. CCl, can be metabolized by hepatocytes, and its toxic metabolites
contribute to cell damage, inflammation, and subsequently fibrogenic reaction. Moreover, cell necrosis, the main feature caused by CCl,,
is observed in many human hepatopathies that cause hepatic fibrosis.*>? In this study, mice were randomly divided into 4 groups (n = 6
per group): control group (CTL group), model group (CCl, group), low-dose COS group (LC group), and high-dose COS group (HC group).
Mice were treated according to previous methods.”’"? Briefly, all groups of mice except the CTL group were treated with 20% CCl, solution in
olive oil twice a week at a dosage of 4 mL kg™ (i.p.) for 4 weeks to construct a hepatic fibrosis model, while mice in CTL group received the
same volume of olive oil (i.p.). Mice in the LC and HC groups were then additionally gavaged with 100 mg/kg COS and 250 mg/kg COS once a
day for 4 weeks, respectively.

Influence evaluation and scheme exploration of Phe and Tyr

Mice were randomly divided into 7 groups (n = 6 per group). The CTL and CCl, groups were treated as described above. Mice in the COS
group were gavaged with COS (250 mg/kg/day) once a day for 4 weeks. Mice in the Phe and Tyr supplementation group (AA group) received a
habitual diet supplemented with 2% Tyr and 2% Phe. Besides, the mTORC1 inhibitor (rapamycin, RAP) and activator (MHY 1485, MHY) were
applied. Mice in the RAP-treated group (RAP group) received RAP at a dose of 2.0 mg/kg (i.p., every other day) for 4 weeks,” while those in the
MHY group received MHY (i.p.) at a dose of 10 mg/kg during the last 10 days of the experiment, prior to being sacrificed.®’ Additionally, 4
composite treatment groups (AA + CCly, AA + CCly+COS, AA + CCl4+RAP, and AA + CCly+COS+MHY groups) were set up, for which the
chemicals used were in accordance with the corresponding single component administration groups.

Cell culture and treatment

In vitro experiments were conducted using a hepatic cell line (L-02 cells) and HSCs (LX-2 cells). These cells have been characterized at the cell
bank by DNA fingerprinting analysis using short tandem repeat markers, and were tested for mycoplasma contamination by quantitative real-
time PCR (gRT-PCR) assay. L-02 cells and LX-2 cells were cultured in RPMI 1640 medium (Gibco, USA) and DMEM medium (Gibco, USA)
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supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Beit Haemek, Israel) at 37°C in an environment containing 5% carbon
dioxide, respectively.

Induction of hepatocyte damage by H,0,

L-02 cells (5% 10% cells/well) were seeded in 12-well plates. After 24 h of incubation, they were stimulated with or without T mM H,O, or COS
(LC group 100 pg/mL, HC group 200 pg/mL) for 24 h. The RPMI 1640 medium without FBS supplemented with Phe and Tyr (Tyr 20 pg/mL, Phe
15 ng/mL; 1x) was replaced for 12 h prior to determination via high-performance liquid chromatography (HPLC). Phe and Tyr were added
according to the formulations provided by Sigma-Aldrich.

Treatment with Phe and Tyr

L-02 cells or LX-2 cells (1 x 10° cells/well) were seeded in a 6-well plate. The cells were incubated with different combinations of Phe and Tyr (AA
group) for 24 h, which were prepared according to the formulations provided by Sigma-Aldrich, to explore the cascade effects on cells and
further to determine the concentration causing cell damage for subsequent experiments. Moreover, cells were simultaneously incubated with
Phe and Tyr at determined concentrations and with or without COS (LC group 100 pg/mL, HC group 200 pg/mL) for 24 h. For treatment with
mTORC1 inhibitor and activator, the inhibitor RAP (25 nM, RAP group) and activator MHY (10 pM, MHY group) were added to the medium for

24 and 4 h, respectively.*”¢?

METHOD DETAILS
Mitochondrial membrane potential analysis

Cells were stained with a JC-1 fluorescence probe for 30 min, according to the manufacturer’s instructions. The monomers (green, Ex/Em =
490/527 nm) and aggregates (red, Ex/Em = 490/590 nm) were observed via confocal laser scanning microscopy (Leica AG, Wetzlar, Germany).

Determination of aromatic amino acid levels by HPLC

The serum was mixed with 10% trichloroacetic acid in equal volume, after standing at room temperature for 1 h, centrifuge at 15,000 rpm for
30 min. Then the supernatant was obtained for detection. The levels of serum or medium amino acid in mice were examined by HPLC (Agilent
1100, USA) using calibration curve constructed by plotting values of the area under the peak versus obtained concentration. HPLC was per-
formed using a variable wavelength detector (VWD) with detection wavelength 338 nm and Agilent Hypersil ODS column (4.60*250 mm,
5 um), column temperature at 40°C. The buffer system composed of mobile phase A (27.6 mmol/L sodium acetate: triethylamine: tetrahydro-
furan = 500: 0.11: 2.5, pH = 7.2) and mobile phase B (80.9 mmol/L sodium acetate: methanol: acetonitrile = 1: 2: 2, pH = 7.2). Amino acid was
separated using the following gradient elution: 0 min, 8% B; 17 min, 50% B; 20.1 min, 100% B; 24 min, 0% B. The velocity of flow mobile phase
was 1.0 mL/min.

Serum metabolite profiling

The serum samples with 100 pL were supplemented with 400 pL methanol (pre-cooled at —20°C), then the mixture was vortexed for 60 s and
centrifuged at 4°C for 10 min at 12000 rpm, and then transfer all supernatant from each sample into another 2 mL centrifuge tube. Samples
were concentrated to dry in vacuum. Dissolve samples with 150 pL 2-chlorobenzalanine (4 ppm) 80% methanol solution, and the supernatant
was filtered through 0.22 um membrane to obtain the prepared samples for LC-MS. Then take 20 uL from each sample to the quality control
(QC) samples and use the rest of the samples for LC-MS.

Chromatographic separation was accomplished in a Thermo Ultimate 3000 system equipped with an ACQUITY UPLC HSS T3 (150 x
2.1 mm, 1.8 um, Waters) column maintained at 40°C. The temperature of the autosampler was 8°C. Gradient elution of analytes was carried
out with 0.1% formic acid in water (C) and 0.1% formic acid in acetonitrile (D) or 5 mM ammonium formate in water (A) and acetonitrile (B) at a
flow rate of 0.25 mL/min. Injection of 2 uL of each sample was done after equilibration. An increasing linear gradient of solvent B (v/v) was used
as follows: 01 min, 2% B/D; 1-9 min, 2%-50% B/D; 9-12 min, 50%-98% B/D; 12~13.5 min, 98% B/D; 13.5-14 min, 98%—2% B/D; 14-20 min, 2%
D-positive model (1417 min, 2% B-negative model).

The ESI-MSn experiments were executed on the Thermo Q Exactive mass spectrometer with the spray voltage of 3.5 kV and —2.5kV in
positive and negative modes, respectively. Sheath gas and auxiliary gas were set at 30 and 10 arbitrary units, respectively. The capillary tem-
perature was 325°C. The analyzer scanned over a mass range of m/z 81-1000 for full scan at a mass resolution of 70,000. Data dependent
acquisition (DDA) MS/MS experiments were performed with HCD scan. The normalized collision energy was 30 eV. Dynamic exclusion
was implemented to remove some unnecessary information in MS/MS spectra.

In univariate statistical comparisons, Chi-square test was used for categorical variables, Student's t test or ANOVA for normal continuous
variables and Wilcoxon signed rank test or Kruskal Wallis test for not normal continuous variables. Spearman was used for not normally distrib-
uted variables correlations. Metabolome values were transformed to log2 adding 0.01 to avoid indetermination. Differential metabolite
satisfying the conditions (VIP>1.0 and p < 0.05 in ANOVA) were used as potential biomarkers in the Venn diagram analysis. Metpa database,
Kyoto Encyclopedia of Genes and Genomes (KEGG) database and hypergeometric test were used for enrichment analysis. This
analysis was performed by querying different databases including Human Metabolome Database (HMDB) (http://www.hmdb.ca), Metlin
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(http://metlin.scripps.edu), massbank (http://www.massbank.jp/), LipidMaps (http://www.lipidmaps.org) and mzclound (https://www.
mzcloud.org). All tables and plots, including heatmaps and correlation network were generated using 3.6.1 R packages.

16S rRNA gene pyrosequencing and analysis

The CTAB/SDS method was used to extract the total genome DNA in samples. DNA concentration and purity were monitored on 1% agarose
gels. According to the concentration, DNA was diluted to 1 ng/plL with sterile water. 165 rRNA genes in distinct regions (V3-V4) were amplified
with specific primer (341F- 805R) and barcodes. All PCR mixtures contained 15 plL of Phusion High-Fidelity PCR Master Mix (New England
Biolabs), 0.2 uM of each primer and 10 ng target DNA, and cycling conditions consisted of a first denaturation step at 98°C for 1 min, followed
by 30 cycles at 98°C (10's), 50°C (30's) and 72°C (30 s) and a final 5 min extension at 72°C. Mix an equal volume of 1 X loading buffer (contained
SYB green) with PCR products and perform electrophoresis on 2% agarose gel for DNA detection. The PCR products were mixed in equal
proportions, and then Qiagen Gel Extraction Kit (Qiagen, Germany) was used to purify the mixed PCR product. Following manufacturer's
recommendations, sequencing libraries were generated with NEBNext Ultra [IDNA Library Prep Kit (Cat No. E7645). The library quality
was evaluated on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced
on an lllumina NovaSeq platform and 250 bp paired-end reads were generated.

For the Effective Tags obtained previously, denoise was performed with DADA2 or deblur module in the QIIME2 software (Version
QIIME2-202006) to obtain initial ASVs (Amplicon Sequence Variants) (default: DADA2), and then ASVs with abundance less than 5 were filtered
out. The absolute abundance of ASVs was normalized using a standard of sequence number corresponding to the sample with the least se-
quences. Subsequent analysis of alpha diversity and beta diversity were all performed based on the output normalized data. Partial least
squares-discriminant analysis (PLS-DA) was used to assess the variation between experimental groups (beta diversity). The LEfSe software
(Version 1.0) was used to do LEfSe analysis (LDA score threshold: 2) so as to find out the biomarkers. Predictive functional outputs (KEGG
Orthologs (KOs) pathway abundance) was completed by using the PICRUSt2 plugin for QIIME2. The t-test and PLS-DA projection were con-
ducted in R (V.3.1.3), p < 0.05 was considered significant.

Histopathological and immunohistochemical analysis

Liver tissue samples were fixed for 24 h in 4% formalin solution in phosphate buffer, embedded in paraffin, and sliced into 5 um paraffin tissue
slices, which were stained with hematoxylin and eosin and Sirius red. Subsequently, positive areas were quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Western blotting analysis

Proteins were extracted using a protein extraction buffer and then separated by SDS-PAGE. Afterward, the gel was transferred to polyviny-
lidene fluoride membranes, which were then probed with primary antibodies and secondary antibodies. Thereafter, the target protein blots
were visualized using enhanced chemiluminescence reagents (Thermo Fisher Scientific, MA, USA). Samples from 6 mice were mixed in pairs,
and then the protein levels were determined.

Quantitative real-time PCR (qRT-PCR) assay

Total RNA was isolated using TRIzol, and then 1 pg was used to synthesize cDNA using 5% All-In-One RT Master Mix kit. Next, gRT-PCR was
performed in a reaction containing 200 ng cDNA, SYBR Green Master Mix, and 5 nM primer pair (Table 1) under the following cycling con-
ditions: 40 cycles at 95°C for 1 s and 60°C for 20 s. The relative levels of mRNA were determined (CFX96 Touch; Bio-Rad Laboratories, Her-
cules, CA, USA) and calculated using the 2-AACt method.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as means with their standard deviations. The results were assessed via one-way analysis of variance with Tukey's post
hoc tests, and the normality and homogeneity of the data were evaluated using the Shapiro-Wilk test. Analysis items with p < 0.05 were
considered statistically significant. The statistical analyses were performed using GraphPad Prism version 8.0.1 (GraphPad Software Inc.,
San Diego, CA, USA) and SPSS version 21.0 (SPSS Inc., Chicago, IL, USA).
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