Salvia miltiorrhiza polysaccharides alleviates florfenicol-induced liver metabolic
disorder in chicks by regulating drug and amino acid metabolic signaling
pathways
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ABSTRACT Excessive and nonstandard use of florfe-
nicol (FFC) can damage animal body, pollute ecological
environment, and even harm human health. The toxic
and side effects of FFC directly affect the production
performance of poultry and the safe supply of chicken-
related food. Salvia miltiorrhaza polysaccharides
(SMPs) are natural macromolecular compounds, and
were proved to have the effect of protecting animal liver.
We used transcriptome and proteome sequencing tech-
nologies to study the effect of FFC on specific signal
transduction pathways in chick livers and further
explored the regulatory effect of SMPs on the above
same signal pathways, and finally revealed the interven-
tion effect and mechanism of SMPs on FFC-induced
changes of liver function. The screened sequencing

results were verified by qPCR and PRM methods. The
results showed that FFC changed significantly 9 genes
and 5 proteins in drug metabolism-cytochrome P450 sig-
naling pathway, and the intervention of SMPs adjusted
the expression levels of 5 genes and 4 proteins of the
above factors. In glycine, serine and threonine metabo-
lism signaling pathway, 8 genes and 8 proteins were sig-
nificantly changed due to FFC exposure, and SMPs
corrected the expression levels of 5 genes and 6 proteins
to a certain extent. In conclusion, SMPs alleviated FFC-
induced liver metabolic disorder in chicks by regulating
the drug and amino acid metabolism pathway. This
study is of great significance for promoting the healthy
breeding of broilers and ensuring the safe supply of
chicken-related products.
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INTRODUCTION

Broiler feeding has the characteristics of high feed
return, quick turnover, and more profit. Chicken is rich
in nutrients and has a unique flavor. Antibiotics are
widely used in poultry industry to prevent and treat
broiler diseases. However, the nonstandard use of antibi-
otics has led to the slow growth of broilers, bacterial
drug resistance, antibiotic residues, decline of meat qual-
ity, and other problems in poultry farming. Therefore,
the search for safe drugs that can alleviate the toxic and
side effects of veterinary antibiotics became a research
hotspot. Chinese herbal medicines have the advantages
of wide sources, low toxicity, and small side effects,
which are worthy of in-depth study.
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Florfenicol (FFC) is a synthetic monofluoro deriva-
tive of thiamphenicol, which belongs to the amide alco-
hol antibiotics. FFC has a significant therapeutic effect
on livestock and poultry bacterial diseases caused by
sensitive bacteria (Schwarz et al., 2004). In the course of
treatment, FFC has the characteristics of easy absorp-
tion, wide antibacterial spectrum and strong antibacte-
rial ability (van de Riet et al., 2003).

With the continuous development of livestock and
poultry breeding, FFC has been widely used. However, a
large number of studies have shown that the ingestion of
FFC has adverse effects on animals and leads to exces-
sive drug residues. Wang et al. (2021) found that FFC
had certain nephrotoxicity to broilers, can inhibit the
expression of related factors in Nrf2 signaling pathway,
lead to lipid peroxidation in broiler kidneys, and acceler-
ate abnormal apoptosis of renal tissue cells. Yun et al.
(2020) demonstrated that oral FFC could affect the func-
tions of intestinal mucosal barrier, immune system
and intestinal flora in mice. Another study found that
excessive drug residues were detected in the tissues
of shrimp fed with FFC by gas chromatography with
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meta-nitrochloramphenicol (mCAP) as an internal stan-
dard proposed by Pfenning Allen P (Li et al., 2018).

FFC not only causes adverse effects on animals them-
selves, but also pollutes the ecological environment.
Studies have shown that animals exposed to FFC can
directly affect soil microbial composition and cause drug
resistance (Liu et al., 2021b). Another study has shown
that the residue of FFC can destroy the metabolism of
microorganisms in the environment and change the
nitrogen cycle (Zhou et al., 2021). FFC eventually enters
human body through bioaccumulation and food chain.
After a certain amount of FFC residue being ingested by
the human body, it may damage the normal body func-
tion and lead to the occurrence of various diseases
(Li et al., 2019b). It can be seen that excessive use of
FFC can not only have adverse effects on animals, but
also pollute the environment and even harm human
health. Therefore, it is necessary to study the toxic
effects of FFC on animals and explore new drugs that
can alleviate its toxic and side effects.

As the main metabolic site and detoxification organ of
the body, liver plays an important role in cleaning up
the residue of FFC and other drugs. But, liver is vulnera-
ble to the toxicity of their toxic and side effects.
Shah et al. (2016) exposed 40 and 60 mg/kg b.w. of FFC
to 25 kg mature healthy goats, and found that 2 doses of
FFC both significantly changed the liver function
indexes such as UREA, CRE, TP, ALP, SGOT, SGPT,
GGT, and BIL in the blood of goats. Another study
found that the average residual concentrations of FFC
in muscle and liver of broilers were 311.42 + 186.56 and
2,585.44 + 1,759.71 ug/kg, respectively, both higher
than their respective maximum residue limits (MRLs)
(Nasim et al., 2016). This residue can be transmitted to
humans through meat consumption, resulting in serious
adverse effects on human health.

Polysaccharide is one of the main active components
of Salvia miltiorrhiza. It was found that polysaccharides
showed a variety of biological activities, such as immune
regulation, anti-cancer and antioxidation, and had the
advantages of less adverse reactions and high safety
(Schlemmer et al., 2021). Salvia miltiorrhiza polysac-
charides (SMPs) are natural high molecular polymers
containing aldehyde or ketone groups formed by the con-
nection of multiple monosaccharides through glycosidic
bonds. It plays a key pharmacodynamic role in Salvia
miltiorrhiza and has important clinical application
value. Its production and usage are increasing year by
year (Feng et al., 2021). Geng et al. (2015) studied the
cardioprotective effect of SMPs on isoproterenol (ISO)-
induced myocardial infarction (MI) in rats. The results
showed that long-term oral administration of SMPs
could enhance the endogenous antioxidant and lipid-
lowering functions of the body, and then effectively alle-
viate ISO-caused heart injury of rats. Han et al. (2019)
found that SMPs significantly increased the content of
reduced glutathione in livers, increased the levels of
serum total protein and albumin, thus improved the
antioxidant capacity and alleviated the degree of liver
injury.

Our previous studies found that SMPs may affect
lipid metabolism, inflammation, antioxidant and drug
metabolism pathways in livers of chicks at the overall
biological function level (Han et al., 2021; Geng et al.,
2022). However, the previous studies were not in-depth
and did not clearly indicate the directional regulation of
SMPs on specific signaling pathways and the interaction
between genes and proteins in the changed signaling
pathways. Therefore, transcriptome and proteome
sequencing methods were used to study the mechanism
of FFC inducing disorders of liver function and the path-
way of SMPs alleviating functional disorder by acting on
the same signal pathway. Quantitative real-time PCR
(qPCR) and parallel reaction monitoring (PRM) were
used to verify the sequencing results. This study mainly
screened and analyzed the drug metabolism-cytochrome
P450 signaling pathway and glycine, serine and threo-
nine metabolism signaling pathway, and the signifi-
cantly changed genes and proteins were studied as a
whole to explore the biological pathway by which SMPs
alleviates FFC-induced disorders of liver function in
chicks. The results of this experiment will provide new
ideas for the development of new drugs that can reduce
the hepatotoxicity of antibiotics, which is of great signif-
icance to ensure the safety of chicken-related food and
increase animal welfare. It is expected to provide a theo-
retical basis for the clinical application of safe and effec-
tive Chinese herbal extracts in broiler breeding industry.

MATERIALS AND METHODS
Drugs and Reagents

SMPs (purity > 95%) were provided by Hangzhou
Zhengda Youthbao Pharmaceutical Co., Ltd. (Hang-
zhou, China), and consisted of 5 different monosacchar-
ides including mannose, rhamnose, arabinose, glucose,
and galactose, with the molar ratio of 2.36 : 2.21 : 1.25 :
1.17:1.24.

FFC solution (commercially available clinical over-
the-counter veterinary medicine, purity > 10%) was pur-
chased from Shenniu Biological Technical Co., Ltd.
(Dezhou, China).

Eastep Super Total RNA Extraction Kit was pur-
chased from Promega Biotechnology Co., Ltd. (Beijing,
China). PrimeScript RT Reagent Kit with gDNA Eraser
(Perfect Real Time) and SYBR Premix Dimer Eraser
Reagent Kit (Perfect Real Time) were purchased from
Takara Biotechnology Co., Ltd. (Dalian, China).

Animals and Experimental Design

One hundred and twenty one-day-old AA broilers
were raised in a standard chicken house and were pro-
vided with adequate tap water and standard feed during
the experiment. They were randomly divided into con-
trol group, FFC group, and FFC+SMPs group with 8
repetitions in each group and 5 chicks in each repetition.
Chicks in the control group were given tap water and
standard feed, those in the FFC group were given tap
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water containing 0.15 g/L (the clinical therapeutic dose
recommended in the instructions of FFC) FFC and stan-
dard feed, and those in the FFC+SMPs group were
given tap water containing 0.15 g/L FFC and 5 g/L
SMPs and standard feed. Starting from 1 d of age, the
drugs were administered continuously for 5 d. On the
6th d of the experiment, 10 chicks from each group were
randomly selected, euthanized by intraperitoneal injec-
tion of sodium pentobarbital, and fresh liver tissues were
aseptically extracted. Three liver tissues from each
group were selected and labeled as LA1, LA2, LA3 (con-
trol group); LB1, LB2, LB3 (FFC group); LC1, LC2,
LC3 (FFC+SMPs group). They were placed in enzyme-
free tubes for transcriptome and proteome sequencing to
construct transcriptome proteome database. Samples
for sequencing were immediately placed in liquid nitro-
gen. The remaining liver tissues was wrapped in tin foil
and stored in a -80°C ultra-low temperature refrigerator
for use in testing other test indicators.

The chicks and standard feed used in the experiment
was purchased from Hebei Dawu Agricultural Group
Poultry Co., Ltd. (Baoding, China), and the transcrip-
tome and proteome sequencing were completed by PER-
SONAL Company (Nanjing, China).

All experimental steps were approved by the Animal
Protection and Welfare Committee of Hebei Agricul-
tural University, China. All methods of animals used in
this study were carried out in accordance with the rele-
vant guidelines and regulations of the Animal Protection
and Welfare Committee of Hebei Agricultural Univer-
sity (Permission number: AUH-2021259).

Transcriptome Sequencing

In this study, Oligo (dT) magnetic beads were used to
enrich mRNA with polyA structure in total RNA, and
the mRNA was interrupted to fragments with a length
of about 300 bp by ion interruption. The first strand of
cDNA was synthesized with 6-base random primers and
reverse transcriptase, and the second strand of cDNA
was synthesized with the first strand of cDNA as the
template. After the construction of the gene bank, PCR
amplification was used to enrich the library fragments,
and the library was selected according to the fragment
size, which was 450 bp. After RNA extraction, purifica-
tion, and library construction of the samples, the next-
generation sequencing technology (NGS) was used to
perform paired-end (PE) sequencing on these libraries
based on the Illumina HiSeq sequencing platform. The
original deplantable data (raw data) were filtered, and
then the high-quality sequences (clean data) were com-
pared to the reference genome of the species. According
to the comparison results, the expression of each gene
was calculated. On this basis, the samples were further
analyzed by expression difference analysis, enrichment
analysis, and cluster analysis.

The differential expression levels of genes were ana-
lyzed. The conditions for screening differentially
expressed genes were as follows: the expression difference

multiple |logs (fold change)| > 1, and the significance P
value < 0.05.

Proteome Sequencing

In this experiment, TMT-labeled quantitative proteo-
mics technology was used to carry out the research.
Firstly, proteins from chick livers were extracted and
protein samples were prepared using SDT lysate. The
protein samples were trypsinized by Filter Aided Prote-
ome Preparation (FASP). Around 100 ug peptide
segment was taken from each sample for TMT labeling.
SCX chromatographic classification and liquid chro-
matographic classification were performed. According
to the steps of tandem mass spectrometry (LC-MS/MS)
data collection, protein identification and quantitative
analysis, differential expression protein screening
and bioinformatics (GO, KEGG), the differentially
expressed proteins were screened with the change of
expression multiple of more than 1.2 times (up-regulated
more than 1.2 times and down-regulated less than 0.833
times) as the standard.

The differential expression levels of proteins were
analyzed. The conditions for screening differentially
expressed proteins were: ratio > 1.2 or ratio < 0.833, and
the significant P value < 0.05.

Detection of Candidate Genes by qPCR

Total RNA was extracted from the liver of each chick
according to Eastep Super Total RNA Extraction Kit
instructions. The purity and concentration of RNA were
detected by spectrophotometer at 260/280 nm to ensure
that the quality of samples met the test requirements.
Reverse transcription experiments were performed with
Primescript RT Reagent Kit with gDNA Eraser (Perfect
Real Time). The synthesis of primers was entrusted to
Sangon Biotech Co. Ltd., (Shanghai, China) and the
primer sequences of differential genes were shown in
Table 1. The B-actin was used as a reference gene. The
sequences of all primers were specifically verified and
were in line with normal distribution. The reaction con-
dition of qPCR was 90°C for 30 s (predenaturation); 95°
C 5, 60°C 20 s, 72°C 30 s (PCR reaction); 72°C 30 s
(dissolution curve analysis), a total of 40 cyclic reactions
were carried out. After the reaction, the threshold cycle
(Ct) value of the target genes in the control group, FFC
group and FFC+MPs group were obtained. The results
were analyzed by 27T method, AA Ct = (Ct (target,
test) — Ct (reference, test)) — (Ct (target, calibrator) —
Ct (reference, calibrator)) (Chen et al., 2022; Zhang
et al., 2022).

Detection of Candidate Proteins by PRM

Firstly, lysates (Beijing Solarbio Technology Co., Ltd.,
Beijing, China) were added into the homogenate of chick
liver tissues, and the protein solution was prepared by the
steps of ultrasonic, boiling water bath and centrifugation.
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Table 1. Special primers of genes.
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Gene name Primer sequence (5-3") Product length (bp)

CYP1A2 F:GGACACGGTGCTGAATGGCTAC 125
R:TGAGGAAACGCTCTGGGTTGAAAG

FMO3 F:CACCAAGTGCTGCCTGGAAGAG 129
R:GTGAAGACAGTGCGGTAGATGCTAG

ADHG6 F:GGATTGTGGAGAGCATTGGAGAAGG 125
R:CAGGCAGTAGTTGGAGTCAGGATTC

AOX1 F:ACATGGTGGAATTGAGTTGGGACAG 135
R:GAAGCACACGCATTAGGAACAGTTG

UGT1A1 F:CCCAGACCAGTGATGCCCAATATG 134
R:GAGCCCAGGGAGAAGACAACAATAC

GSTT1 F:AAGTGGAAGGTGCTACCGAGGAG 113
R:TACGAGGTCTGCCAAGGAGATGTC

MGST1 F:CAGATGTTGAACGTGTACGCAGAG 105
R:TGGACAGATCAGGGCCACAG

HPGDS F:GCCGCTACCTGTTTGCCTATG 125
R:CAATTGCTAGGCTCTGGTGAATGA

GSTA3 F:-TTGGATAAGGCCGCAAACAGATA 106
R:AATGCACGTCTGCTCTGCTCA

DMGDH F:ACAGCAGCCAAAGCAAGGGAATC 111
R:CAAATCATACAGCCCGCTAGTCCTC

DMGDHL1 F:TGGTGACCGAACGCATTGAAGG 85
R:TCGCCTTGGAGACGGAGATACAC

GATM F:CACCCACCAGTGCCACTCATTC 105
R:ATCAACCATCACACGCTTCTCATCC

AGXT?2 F:GCGTTGTCTTTAGGCAGCAGAAATG 82
R:TCTTCAGGAACAAAGTCGCAAGGAG

SHMT1 F:GGCAGCAGCACTGATGGAGATG 80
R:TACGCAGGTCCAGGAGAATGAGG

PSAT1 F:AGGAGGGAAGACAGGCGGATTATG 132
R:CTGGGTCAGGAATGCTTGTATAGGC

ALAS?2 F:CATCTCTGGAACGCTCGGCAAG 96
R:CCAGCAGCATACGAACGGACAG

GCLC F:CATCTCTGGAACGCTCGGCAAG 96
R:CCAGCAGCATACGAACGGACAG

B-action F:GCATCTCCAGCGTGAAGAAGGTC 107

R:AGCATCCACCGTCTCCATAGCC

The protein was quantitatively analyzed by BCA method.
Then, it was treated with protease (Boster Biological
Technology Co., Ltd., California, USA). After enzymatic
hydrolysis, the peptide was desalted, lyophilized, and
redissolved. The concentration of peptide was determined
in OD 280. PRM quantitative analysis of target peptide
was performed according to the screening results of pre-
experiment. The peptide information suitable for PRM
analysis was imported into the software xcalibur for PRM
method setting. There were 3 samples, in which 2 ug pep-
tide was taken from each sample and 20 fmol standard
peptide was added. HPLC system easynlc with nanoliter
flow rate was used for chromatographic separation. PRM
detection was carried out on 9 samples respectively, and
the software skyline 3.5.0 was used to perform data analy-
sis on PRM original files.

Statistics Analysis

Statistical analysis was performed by using SPSS 19.0
(IBM Corp., Armonk, NY). All data obtained were pre-
sented as mean £ standard deviation (SD). One-way
analysis of variance (ANOVA) followed by Tukey’s
test was used for multiple comparisons. Compared with
the control group, * means P < 0.05, ** means P < 0.01.
Compared with the FFC group, # means P < 0.05, #+#
means P < 0.01.

RESULTS

The Number of Significant Differentially
Expressed Genes and Proteins

Compared with the control group, a total of 1,989
genes with significant differences were screened from the
FFC group, of which 495 genes were upregulated and
1,494 genes were downregulated. Compared with FFC
group, the intervention of SMPs significantly changed
380 genes, of which 165 differential genes were upregu-
lated, and 215 differential genes were down regulated
(Figure 1A—C).

Early exposure to FFC significantly changed the
expression of 996 proteins in chick livers, of which 455
significantly different proteins were upregulated and 541
significantly different proteins were down regulated.
The expression levels of 190 proteins in FFC+MPs
group were significantly different from those in FFC
group, of which 105 significantly different proteins were
upregulated and 85 significantly different proteins were
down regulated (Figure 1ID—F).

GO Analysis and KEGG Analysis of
Transcriptome

Compared with the control group, a total of 10,709
GO Term items were screened out from the GO
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Figure 1. The number of significant differentially expressed genes and proteins in chick livers. (A) The number of significant differentially
expressed genes between 3 groups. (Blue represents upregulated genes and red represents down-regulated genes.) (B) Effect of FFC exposure on dif-
ferentially expressed genes. (C) Effect of SMPs intervention on differentially expressed genes induced by FFC. (D) The number of significant differ-
entially expressed proteins between 3 groups. (E) Effect of FFC exposure on differentially expressed proteins. (F) Effect of SMPs intervention on
differentially expressed proteins induced by FFC. (The abscissa of the volcano map is logs(Fold Change) and the ordinate is the negative logarithm
of the difference significance level based on 10. The 2 vertical dashed lines in the figure are the thresholds for the expression of multiple of difference.
The horizontal dashed line represents the threshold of significance level. Red represents up-regulated genes and proteins, blue represents down-
regulated genes and proteins, and gray represents nonsignificantly differentially expressed genes and proteins.)

enrichment results of FFC group, including 8,100 items
belonging to Biological Process (BP), 859 items belong-
ing to Cellular Component (CC), and the remaining
1,750 items belonging to Molecular Function (MF).
However, compared with FFC group, a total of 5,502
GO Term items were screened out from the GO enrich-
ment results of FFC+SMPs group, including 4,277 items
belonging to BP, 428 items belonging to CC, and the
remaining 797 items belonging to MF. GO enrichment
results showed that the differential genes in this experi-
ment were mainly enriched in BP items. We further
found that FFC exposure and SMPs intervention mainly
affected the response to stimulus and the cellular
response to chemical stimulus (Figure 2A and 2B).
According to the KEGG enrichment analysis results of
differentially expressed genes, the top 30 pathways with
the smallest P value, that is the most significant enrich-
ment, were selected for display. Compared with the con-
trol group, a total of 148 enrichment pathways were
screened out in KEGG enrichment results of FFC group.
Compared with FFC group, 105 enrichment pathways
were screened out in FFC+SMPs group. Among the
above pathways, the top 30 typical pathways with the
highest proportion of significantly different genes were
mainly distributed in metabolism. FFC and SMPs signifi-
cantly changed the drug metabolism- cytochrome P450

signaling pathway and glycine, serine and threonine
metabolism signaling pathway (Figure 2C and 2D).

GO Analysis and KEGG Analysis of
Proteome

Compared with the control group, a total of 2,794 GO
Term items were screened out from the GO enrichment
results of differentially expressed proteins in FFC group,
including 1,494 items belonging to BP, 357 items belong-
ing to CC, and the remaining 489 items belonging to
MF. However, compared with the FFC group, a total of
611 GO Term items were screened out from the GO
enrichment results of differentially expressed proteins in
the FFC+SMPs group, including 354 items belonging to
BP, 107 items belonging to CC, and the remaining 150
items belonging to MF. GO enrichment results showed
that the differential proteins in this experiment were
mainly enriched in BP items. We found that FFC treat-
ment and SMPs intervention mainly affected cellular
oxidant detoxification and xenobiotic metabolic process
(Figure 3A and 3B).

According to the KEGG enrichment analysis results
of differentially expressed proteins, the top 30 pathways
with the smallest p value, that is, the most significant
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Figure 2. GO analysis and KEGG analysis of transcriptome data in chick livers. (A) GO analysis of transcriptome data between control group
and FFC group. (B) GO analysis of transcriptome data between FFC group and FFC+SMPs group. (C) KEGG analysis of transcriptome data
between control group and FFC group. (D) KEGG analysis of transcriptome data between FFC group and FFC+SMPs group.

enrichment, are selected for display. Compared with the
control group, 135 significantly enriched signal path-
ways were screened from the KEGG enrichment results
of FFC group. Compared with FFC group, 94 signifi-
cantly enriched signal pathways were screened from
FFC+MPs group. Among the above pathways, the top
30 typical pathways with the highest enrichment pro-
portion of significantly different proteins were mainly
distributed in the category of metabolism. Among them,
drug metabolism-cytochrome P450 signaling pathway
and glycine, serine and threonine metabolism signaling
pathway were significantly regulated by FFC and SMPs
(Figure 3C and 3D).

The Significantly Differentially Expressed
Genes and Proteins in Drug Metabolism-
Cytochrome P450 Signaling Pathway

Results of Combined Transcriptome and Proteome
Analysis Transcriptome results showed that compared
with the control group, there were 9 significantly upre-
gulated differential genes in the drug metabolism-cyto-
chrome P450 signaling pathway in the livers of chicks
after drinking FFC solution, namely CYP1A2, FMOS3,
ADH6, AOX1, UGT1A, GSTT1, MGST1, HPGDS, and
GSTA3. The intervention of SMPs significantly down
regulated the expression levels of 5 differential genes in
the drug metabolism-cytochrome P450 signaling path-
way in the livers of FFC treated chicks, namely
CYP1A2, ADH6, UGT1A1, MGST1, and HPGDS.

Proteomic results showed that 5 proteins CYP1A2,
ADH6, UGT1A, MGST1, and HPGDS, were signifi-
cantly upregulated in FFC treated chick livers drug
metabolism-cytochrome P450 signaling pathway. The
expression levels of 4 proteins CYP1A2, UGT1Al,
MGST1, and HPGDS of the drug metabolism-cyto-
chrome P450 signaling pathway in the livers of chicks
treated with SMPs were significantly down-regulated
compared with those of FFC group (Figure 4A).
Results of qPCR Verification Compared with the
control group, the mRNA expression levels of CYP1A2,
FMO3, ADH6, AOX1, UGT1A, GSTT1, MGSTI1,
HPGDS, and GSTA3 were significantly upregulated in
FFC group. However, the expression levels of CYP1A2,
ADH6, UGT1A1, MGST1, and HPGDS mRNA in FFC
+SMPs group were significantly lower than those in
FFC group. The results of qPCR were consistent with
those of transcriptome sequencing, confirming that
the transcriptome sequencing data were accurate
(Figure 5A and 5B).

Results of PRM Verification PRM technique was used
to validate the protein levels of CYPIA2, UGTIA,
MGST1, and HPGDS. There were significant differences
of 2 specific peptides in each protein. After drinking
FFC, the protein expression levels of CYP1A2, UGTI1A,
MGST1, and HPGDS in livers of chicks were signifi-
cantly upregulated. However, compared with the FFC
group, the expression levels of CYP1A2, UGTIA,
MGST1, and HPGDS protein were significantly downre-
gulated in FFC+SMPs group. The overall trend of RRM
results and proteomics results was consistent. Since
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Figure 3. GO analysis and KEGG analysis of proteome data in chick livers. (A) GO analysis of proteome data between control group and FFC
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PRM results are secondary identification based on pro-
teomics, PRM has a high accuracy. However, the coelu-
tion of peptides of significantly different proteins would
produce quantitative ratio compression effect, resulting
in lower quantitative difference than actual difference
(Figure 5C and D).

The Significantly Differentially Expressed
Genes and Proteins in Glycine, Serine, and
Threonine Metabolism Signaling Pathway

Results of Combined Transcriptome and Proteome
Analysis Transcriptome results showed that the
expression levels of DMGDH, DMGDHL1, GATM,

AGXT2, SHMT1, PSATI1, and ALAS2 genes in the gly-
cine, serine and threonine metabolism signaling pathway
of the chick livers exposed to FFC were significantly
upregulated, and the expression level of GCLC gene was
significantly down regulated. After the intervention of
SMPs, the expression levels of DMGDHL1, GATM,
PSAT1, and ALAS2 genes in glycine, serine and threo-
nine metabolism signaling pathway were significantly
down regulated, and the expression level of GCLC gene
was significantly upregulated.

The proteomic results showed that compared with the
control group, there were 8 differential proteins in the
glycine, serine and threonine metabolism signaling path-
way in the livers of FFC group, among which the protein
expression levels of DMGDH, DMGDHL1, GATM,
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AGXT2, SHMT1, PSATI1, and ALAS2 were signifi-
cantly upregulated, and the protein expression level of
GCLC was significantly down regulated. The expression
levels of DMGDH, DMGDHL1, GATM, SHMT1 and
PSAT1 proteins in glycine, serine and threonine metabo-
lism signaling pathway in FFC+MPs group were signifi-
cantly lower than those in FFC group, and the
expression level of GCLC protein was significantly
higher (Figure 4B).

Results of qPCR Verification Compared with the
control group, the mRNA expression levels of DMGDH,
DMGDHL1, GATM, AGXT2, SHMT1, PSATI, and
ALAS2 were significantly upregulated and the expres-
sion levels of GLDC mRNA were significantly down-reg-
ulated in FFC group. Compared with the FFC group,
the expression levels of DMGDHL1, GATM, PSATI,
and ALAS2 mRNA were significantly down-regulated
and the expression level of GLDC mRNA was signifi-
cantly upregulated in FFC+SMPs group. The results of
qPCR were consistent with those of transcriptome, thus
confirming the accuracy of transcriptome (Figure 6A
and 6B).

Results of PRM Verification PRM technique was used
to validate the expression levels of DMGDH, GATM,
SHMT1, PSAT1, ALAS2, and GCLC proteins. Com-
pared with the control group, the protein expression lev-
els of DMGDH, GATM, SHMT1, PSATI, and ALAS2
were significantly upregulated and the levels of GCDC
protein was significantly downregulated in FFC group.
SMPs significantly reduced the protein expression levels
of DMGDH, SHMT1, and PSAT1 activated by FFC,
and significantly increased the expression levels of
GCDC protein inhibited by FFC. The general trend
agreement between RRM result and proteomics result is
high (Figure 6C and 6D).

DISCUSSION

Drug exposure is easy to produce adverse effects on
animals. As an important place for metabolism and bio-
logical transformation of endogenous and exogenous
substances, liver plays an important role in detoxifica-
tion. Several recent studies have found that animal
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poisoning can damage the liver and lead to liver meta-
bolic disorder in chicks (Li et al., 2021b; Liu et al.,
2021c). Drug metabolic enzymes or transporters cata-
lyze the metabolic process of drugs in the liver, and
finally improve the water solubility of drugs and excrete
them from the liver. This metabolic process can be
divided into 3 stages (Board and Anders, 2021). The
first stage usually includes oxidation, reduction, hydro-
lysis and other reactions, which is mainly catalyzed by
phase I metabolic enzymes such as cytochrome P450
enzymes (CYPs) and flavin containing monooxyge-
nases (FMOs) (Wei et al., 2000). The second stage is
the binding reaction catalyzed by transferase, which is
mainly completed by phase II metabolic enzymes such
as glutathione S-transferase (GSTs) and uridine diphos-
phate glucuronosyltransferases (UGTs). The third
stage is the expulsion of metabolites from the liver medi-
ated by transporters. It is mainly completed by phase II
metabolic enzymes such as ATP-binding cassette pro-
tein (ABCs) and solute carrier transporter (SCLs)
(Liet al., 2019a).

The significantly differentially expressed CYP1A2,
FMO3, ADH6, and AOX1 screened from the sequencing
results belong to phase I metabolic enzymes. CYP1A2 is
an important subtype of CYP1 family. CYP1 family is a
monooxygenase mainly existing in the liver, and its com-
mon metabolic substrates are generally molecular com-
pounds of polycyclic aromatic hydrocarbons such as
polychlorinated biphenyls and nitrogen-containing com-
pounds (Mao et al., 2019). FFC is one of the metabolic
substrates of CYP1 family. FMO3 is a subtype of
FMOs, which is widely distributed in the endoplasmic
reticulum and has many catalytic substrates. FMOs cat-
alyze the metabolic process of FFC with FAD as
cogroup, NADPH as cofactor, and molecular oxygen as
cosubstrate, and eventually form R-SOH and H,0
(Phillips and Shephard, 2020). ADHG6 is one of the 7 gen-
otypes of alcoholi dehydrogenase (ADH), which strictly
uses NAD/NADH as a coenzyme when it is involved in
catalyzing the oxidation and reduction of various alco-
hols and aldehydes. ADH is a general defense system
against exogenous alcohols and aldehydes (Téte et al.,
2020). AOX1 (aldehyde oxidasel) is a flavin protease
containing molybdenum, which has a wide range of sub-
strates and weak specificity. The structure with catalytic
function in AOX1 contains a dimer composed of 2 iden-
tical subunits, and each subunit contains 3 conserved
domains with different functions, which can catalyze the
process of aldehyde group to generate corresponding car-
boxylic acid and the decomposition of nitrogen-contain-
ing heterocyclic compounds (Schumann et al., 2009;
Romao et al., 2017). The aldehyde group does not
appear in the molecular formula of FFC, but in the
intermediate produced in the process of ADH metabo-
lism. Sequencing and validation results showed that
FFC resulted in the up regulation of expression levels of
the above 4 phase I metabolic enzymes, which over stim-
ulated the first stage metabolic function of chick livers,
and may lead to the excessive accumulation of toxic
metabolites in chick livers, resulting in liver injury.

Study showed that ethanol and isoamyl alcohol
increased the level of drug metabolism enzyme CYP3A
in hepatocytes. The increased CYP3A could catalyze
the demethylation of cocaine to form toxic metabolites
and increase the risk of hepatotoxicity (Kostrubsky
et al., 1995). The above finding corroborate with the
FFC-induced hepatic drug metabolism disorder in our
study. However, through down regulating the expression
levels of CYP1A1 and ADH6, SMPs inhibited part of
the phase I metabolic function of chick livers, antago-
nized the surge of metabolic level induced by FFC,
reduced the accumulation of toxic metabolites, and may
alleviate liver injury.

UGTIA1, GSTT1, MGST1, GSTA3, and HPGDS
belong to phase II metabolic enzymes in the liver.
UGTIA1 plays an important role in the metabolism of
drugs and bilirubin (Sugatani et al., 2001). It can accel-
erate the metabolism of drugs and promote the combina-
tion of unconjugated bilirubin and glucuronic acid to
form water-soluble conjugated bilirubin that can be
excreted with bile (Liu et al., 2021a). Bilirubin is toxic,
but it also has antioxidant function and can inhibit the
oxidation of linoleic acid and phospholipids. Sequencing
and validation results showed that the gene and protein
expression levels of UGTIA1 were significantly increased
after livers exposure to FFC, which may lead to dysfunc-
tion of liver metabolism of drugs and bilirubin. The
intervention of SMPs significantly reduced the expres-
sion level of UGTIA1, which was close to the normal
level, and alleviated the stimulation of FFC on liver
metabolism. GSTT1, GSTA3, and MGST1 are 3 differ-
ent types of GSTs. GSTs can be stimulated by exoge-
nous substances to increase the expression level
(Hashim et al., 2020; Buratti et al., 2021). Some studies
have shown that antibiotics can change the expression
level and activity level of GST (Saver et al., 2020;
Ayna et al., 2021). GST took part in excess toxic sub-
stance-induced poisoning mechanism in animals
(Li et al., 2021a). GSTs can catalyze the binding of
metabolites and accelerate the transport of the conju-
gates in cells. This process catalyzes the GSH-dependent
conversion reaction. GSTs can also transform the
metabolites produced in the first stage to form highly
hydrophilic compounds with low chemical activity,
which are then excreted with bile or urine (Vaish et al.,
2020). Some substances can bypass the first stage and be
directly metabolized in the second stage under the action
of metabolic enzymes such as GSTs. The results showed
that FFC induced the up regulation of the expression
levels of GSTT1, GSTA3, and MGSTT1 in the livers of
chicks, abnormally enhanced the phase II metabolism,
resulting in the excessive metabolism of drugs, which
may produce a large number of toxic metabolites. Our
previous results showed that FFC significantly increased
the activity of GST in the liver of chicks, stimulated the
detoxification function of glutathione signaling path-
way, over-activated the metabolic process, and caused a
serious burden on the liver (Liu et al., 2022). This study
is consistent with our previous experimental results.
SMPs significantly reduced the expression level of
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MGSTT1 in the livers, partially weakened the hyperactiv-
ity of drug metabolic function, and played a certain role
in alleviating liver metabolic disorder.

Glycine is the simplest amino acid, and is involved in
the synthesis of purines, porphyrins, creatine, and glyox-
ylic acid. Glycine can be excreted with bile or urine by
combining with a variety of substances. The significant
difference factors DMGDH, DMGDHL1, GATM, and
AGXT2 screened from the sequencing results of tran-
scriptome and proteome are related to the synthesis
of glycine, while GCLC is related to the degradation of
glycine. DMGDH is a mitochondrial matrix enzyme
involved in choline metabolism. It removes a methyl
group from dimethyl glycine to form the modified amino
acid sarcosine (Binzak et al., 2001). Then sarcosine is
converted to glycine under the action of DMGDHLI.
GATM can catalyze the transfer of guanidine from L-
arginine to glycine, which is the rate limiting step of cre-
atine synthesis (Sandell et al., 2003; Sun et al., 2021).
With alanine as the amino donor, AGXT?2 catalyzes the
conversion of the intermediate metabolite glyoxylic acid
to glycine (Seppila et al., 2014). GCLC is involved in
the main pathway of glycine degradation and provides
tetrahydrofolic acid derivatives for the biosynthesis of
various cellular substances (Ramani et al., 2012). The
expression levels of DMGDH, DMGDHL1, GATM, and
AGXT?2 genes and proteins in FFC treated livers were
significantly increased, and the expression level of
GCLC was significantly decreased. The significant
changes in the transcriptome levels and proteome levels
of the above 5 factors led to a large amount of glycine
synthesis in chick livers, inhibited the degradation pro-
cess of glycine and induced glycine metabolic disorder.
Compared with FFC alone, the combination of SMPs
and FFC significantly decreased the expression levels of
GATM, DMGDHL1, DMGDH, and increased the
expression level of GCLC, which not only reduced the
synthesis of glycine, but also increased the degradation
of glycine. It can be seen that SMPs antagonized the
metabolic disorder of glycine caused by FFC to a certain
extent, and reduced the burden of glycine synthesis and
metabolism in the liver.

Serine is a neutral aliphatic hydroxyl amino acid,
which is a nonessential amino acid. Serine synthesis
pathway is an important branch of glycolysis reaction,
which is completed by 3-step enzymatic reaction. SHMT
is in the second step of enzymatic reaction and can cata-
lyze the transamination of 3-phosphohydroxypyruvate
(pPPYR) to produce phosphoserine (pSER), and alpha-
ketoglutarate (¢ KG). SHMT1 is responsible for encod-
ing cytoplasmic isozymes, and SHMT?2 is responsible for
encoding mitochondrial isozymes (Anderson and Sto-
ver, 2009; Macfarlane et al., 2011). SHMT can also cata-
lyze the mutual transformation between serine, glycine,
and tetrahydrofolate. Tetrahydrofolate can enter the
process of folate cycle. PSAT1, an enzyme dependent on
vitamin B6, catalyzed the reversible conversion of 3-
phosphate hydroxypyruvate to 3-phosphate serine, and
was the second rate-limiting enzyme in the biosynthesis
of serine, playing an important role in the biosynthesis

of serine (Hwang et al., 2016; Lin et al., 2019). The syn-
thetic pathway of serine is the aerobic assimilation path-
way of reducing carbon-1 compounds into the central
metabolic system, which plays an important role in the
metabolic process of chicks. FFC upregulated the
expression levels of PSAT1 and SHMT1 in chick livers
and synthesized excessive serine. Although serine plays
an important role in animal body, the content of serine
has its own dynamic balance in liver. Serine synthesized
in large quantities would stimulate its metabolic
response in chick livers. In order to maintain the
dynamic balance of serine synthesis and degradation,
chick liver was forced to accelerate the degradation of
serine, which seriously increased its burden. After oral
administration of SMPs, the expression levels of PSAT1
and SHMTT1 in the livers of FFC treated chicks was sig-
nificantly down regulated, which partially reduced the
rate of serine synthesis. The results showed that SMPs
were helpful to restore the normal metabolic level of ser-
ine in the liver.

ALAS2 is a key enzyme in heme synthesis and pro-
motes hematopoietic cell differentiation by increasing
hemoglobin synthesis (Whatley et al., 2008). Heme is
oxidizing. According to literature reports, excessive
heme can cause oxidative damage to cells (Tilley, 2004).
FFC increased the expression level of ALAS2 and pro-
moted the synthesis of excessive heme, which may cause
oxidative damage to the livers histocyte of chicks. How-
ever, the combined use of SMPs and FFC reduced the
expression level of ALAS2 and alleviated the oxidative
damage.

In conclusion, the early application of the recom-
mended dose of FFC excessively stimulated the phase I
and phase II drug metabolism, increase the synthesis of
glycine and serine and reduce their degradation, thus
breaking the metabolic balance in chick livers. Chick liv-
ers were difficult to maintain the normal metabolic pro-
cess, resulting in metabolic disorder, increased metabolic
burden, and might cause liver damage. The intervention
of SMPs inhibited the phase I and phase II metabolic
function of liver and the hyperactivity of glycine and ser-
ine metabolic reaction induced by FFC, corrected the
metabolic disorder of drugs and amino acids to a certain
extent, reduced the accumulation of toxic metabolites in
chick livers, and then maintained the normal function of
liver.
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