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 Tetracycline antibiotics (TETs) are widely used in veterinary practice but can 
induce acute hepatotoxicity upon overdose, compromising animal health and 
productive performance. This study evaluated whether the natural isoflavone 
formononetin (FMN) can alleviate TET-induced liver injury in animals via 
coordinated regulation of the gut microbiota–metabolite–transcriptome axis. Using 
network toxicology and pharmacology, we predicted key targets and pathways 
involved. A mouse model of of acute, overdose‑induced TET‑associated liver injury 
(150 mg/kg, once daily for 3 days) was treated with FMN (50 or 100 mg/kg) for 
14 days. Multi-omics analyses revealed that FMN attenuated hepatic steatosis, 
reduced ALT/AST levels, enhanced gut microbial diversity (enriched 
Limosilactobacillus) and restored intestinal barrier integrity. Mechanistically, FMN 
activated the Nrf2/HO-1 antioxidant pathway, modulated PPARα/CYP2E1-
dependent lipid metabolism, and may be associated with ferroptosis inhibition. In 
summary, FMN exerts multi-target hepatoprotective effects by coordinately 
regulating gut microbiota homeostasis, alleviating oxidative stress and remodeling 
hepatic metabolic networks, thereby providing a preliminary basis for further 
evaluation of formononetin for antibiotic-associated liver injury in veterinary 
settings. 
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INTRODUCTION 

 
Tetracyclines (TETs) are broad-spectrum antibiotics 

widely used in both human medicine and animal 
husbandry due to their cost-effectiveness and efficacy 
against a variety of bacterial pathogens (Li et al., 2024). 
However, their extensive and often indiscriminate 
application has led to concerning levels of environmental 
contamination, with TET residues frequently detected in 
soil, water systems, and animal-derived food products 
such as meat, milk, and eggs (Tóth et al., 2013; Liu et al., 

2025). Beyond environmental impact, TETs pose 
significant health risks, particularly drug-induced liver 
injury (DILI). Recent surveillance data from the United 
States indicate that TETs are responsible for 17.3% of all 
antibiotic-associated DILI cases, with a striking 82% of 
these presenting as severe microvesicular steatosis 
(Kennedy et al., 2021). Notably, food-producing animals 
and populations with long-term exposure to veterinary 
antibiotics face a 2.1-fold higher risk of liver injury 
compared to the general population (Wei et al., 2022). 
Clinically, tetracycline itself has been documented to 
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cause drug-induced liver injury (Silva et al., 2023), and its 
derivative minocycline can induce acute hepatitis and 
even liver failure (Wang et al., 2024a). Thus, the 3-day 
tetracycline regimen used in the present study models a 
clinically relevant scenario of acute hepatotoxicity 
resulting from tetracycline overdose or short-term 
exposure. 

Upon entering the body via the food chain, TETs 
preferentially accumulate in the liver and induce damage 
through three main pathways: (1) inhibition of 
mitochondrial β-oxidation, leading to microvesicular 
steatosis (Shao et al., 2025); (2) disruption of the gut 
microbiota-liver axis, exacerbating oxidative stress (Vitale 
et al., 2023); and (3) induction of hepatocyte apoptosis, 
clinically manifested as rapid elevation of ALT/AST 
accompanied by jaundice (Kennedy et al., 2021). In 
veterinary clinical observations, TET-induced fatty liver 
presents as hepatic microvesicular steatosis, which falls 
under the category of secondary non-alcoholic fatty liver 
disease. Compared to macrovesicular steatosis, 
microvesicular steatosis has a poorer prognosis and higher 
risk of progression to steatohepatitis.  

Formononetin (FMN), an isoflavonoid compound 
abundantly present in various Chinese medicinal herbs 
such as Spatholobus suberectus, Sophora flavescens and 
Astragalus membranaceus (Zhang et al., 2018), exhibits 
low toxicity and minimal side effects (Tay et al., 2019; 
Yang et al., 2022). Studies have demonstrated that FMN 
can enhance the richness and diversity of gut microbiota 
in mice, modify microbial composition by promoting 
beneficial bacteria, and function as a potential prebiotic to 
effectively regulate host metabolism, reduce systemic 
inflammation, and improve gut microbiota structure 
(Naudhani et al., 2021). Furthermore, studies have 
demonstrated that FMN exhibits notable pharmacological 
activities such as anti-inflammatory, antioxidant, and 
immunomodulatory effects, showing promise in treating 
NAFLD, drug-induced liver injury, and cholestatic liver 
disease (Wang et al., 2019; Liao et al., 2024). We 
hypothesize that FMN may alleviate TET-induced DILI, 
but its specific effects and underlying mechanisms in this 
context remain poorly understood. 

Toxicology and network pharmacology—these two 
powerful in-silico methods are widely used to predict 
compound toxicity and elucidate the multi-target 
mechanisms of natural products. They facilitate the 
construction of systematic mechanistic hypotheses and 
provide clear directions for subsequent experimental 
validation, thereby significantly enhancing the efficiency 
and focus of research. 

In this study, we combined computational toxicology 
and network pharmacology prediction with a multi-omics 
approach—integrating 16S rRNA sequencing, 
transcriptomics, and metabolomics—alongside 
biochemical and histopathological assessments to 
systematically evaluate the protective effects of FMN in a 
mouse model of TET-induced DILI. By first predicting 
key targets and pathways through bioinformatic analyses, 
we established a mechanistic foundation for experimental 
validation. Our integrated strategy not only clarifies 
FMN's protective mechanisms at the molecular and 
metabolic levels but also provides novel insights into the 
role of natural isoflavones in alleviating antibiotic-

associated liver damage. These findings may provide a 
basis for future evaluation of formononetin in veterinary 
applications. 
 

MATERIALS AND METHODS 
 

Screening of FMN targets: The SMILES notation of 
FMN was obtained from PubChem. Potential therapeutic 
targets in Homo sapiens were predicted using 
SwissTargetPrediction and ChEMBL databases, and the 
results were consolidated into a candidate target library. 
 
PPI network and Venn analysis: Common targets 
intersecting DILI-related and tetracycline (TET)-induced 
hepatotoxicity sets overlapped with predicted FMN 
targets. The overlapping genes were imported into 
STRING (version 11.5) to construct a PPI network with a 
minimum interaction score of 0.900. KEGG pathway 
analysis was performed using DAVID (P<0.05). Venn 
diagrams were constructed using the Bioinformatics 
online platform. 
 
Experimental animals and protocol: Male ICR mice (4 
weeks old, 18–22g) were purchased from Yangzhou 
University. After 7 days of acclimatization, all animals 
were housed under controlled conditions (22 ± 2°C, 12 h 
light/dark cycle) with free access to standard chow and 
water. mice were randomly divided into four groups: NC 
(0.5% carboxymethyl cellulose sodium, CMC-Na), Model 
(0.5% CMC-Na), FMNL (FMN low-dose, 50 mg/kg), and 
FMNH (FMN high-dose, 100mg/kg); FMN (purity ≥98%) 
was purchased from Macklin and dissolved in 0.5% 
CMC-Na. After 14 days of treatment, the DILI model was 
induced by intraperitoneal injection of tetracycline 
(150mg/kg) from day 12 to 14, while the control group 
received sterile saline. No other hepatotoxic agents were 
used, confirming that liver injury is attributable to 
tetracycline. On day 15, blood, liver, colon, and fecal 
samples were collected. 
 
Biochemical assays: Serum was isolated by 
centrifugation. Biochemical parameters were measured 
according to the manufacturer’s instructions. Liver tissue 
was homogenized in ice-cold PBS (1:9 w/v), and the 
supernatant was used for biochemical assays following kit 
protocols. 
 
Histopathological analysis: Freshly collected liver and 
colon tissues were fixed in 4% paraformaldehyde for 24h, 
followed by H&E staining, Oil Red O staining, and 
immunohistochemical analysis. 
 
RT-qPCR analysis: Total RNA was extracted using an 
RNA Extraction Kit. RNA concentration and purity were 
measured by NanoDrop spectrophotometry. First-strand 
cDNA was synthesized using HiScript II Q RT SuperMix. 
Quantitative PCR was performed using ChamQ SYBR 
qPCR Master Mix on a BIO-RAD system. Β-actin was 
used as the reference gene, and relative mRNA expression 
was calculated using the 2⁻ΔΔCt method (Table 1). 
 
16S rRNA sequencing: Fecal DNA was extracted using a 
DNA extraction kit. The V3-V4 hypervariable regions of 
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16S rRNA genes were amplified and sequenced on the 
NovaSeq platform. Raw data were processed using the 
QIIME2 pipeline, including DADA2 denoising to 
generate ASVs and taxonomic classification using the 
SILVA v138 database. Α-diversity and β-diversity 
analyses were performed, and functional pathways were 
predicted using PICRUSt2. Differential abundance of taxa 
was assessed with FDR correction (q<0.05). 
 
Table 1: Primer information 
Primer Name Primer Sequences(5’to3’) 
β-actin-F CCTGTACGCCAACACAGTGC 
β-actin-R ATACTCCTGCTTGCTGATCC 
PPARα-F CTTTACATCAGTGTTTCCGTCAG 
PPARα-R TCAAATTGCCACCGTTCTT 
AOX-F ACTGCGTGGGCCATCTTGTCTG 
AOX-R TTCCTGGCCGCCTATGTGTAT 
Cyp2E1-F GGCGCATCGTGGTCCTGCAT 
Cyp2E1-R GGCTGGCCTTTGGTCTTTTTGAGC 
Cyp1A2-F AGGGACACCTCACTGAATGGC 
Cyp1A2-R GGGTCTTTCCACTGCTTCTCATC 
FAS-F TCATTTGTGGCCTTCTCCTCTGTAA 
FAS-R CTTCCACACCCATGAGCGAGTCCAGGCCGA 
Nrf2-F TAGATGACCATGAGTCGCTTGC 
Nrf2-R GCCAAACTTGCTCCATGTCC 
HO-1-F GATAGAGCGCAACAAGCAGAA 
HO-1-R CAGTGAGGCCCATACCAGAAG 
Prdx3-F TTCCCACTTCAGTCATCTTGCC 
Prdx3-R ATGCCAGCACTTTCCAACAG 
 
Fecal SCFA analysis: Short-chain (C2-C6) and medium-
chain (C7-C12) fatty acids were quantified by GC-MS/MS. 
Fecal samples were homogenized in 0.5% phosphoric acid 
and extracted with methyl tert-butyl ether containing 
internal standards. Separation was performed on a DB-
FFAP capillary column with detection in multiple reaction 
monitoring mode. Statistical comparisons of SCFA levels 
were performed using one-way ANOVA with FDR 
correction (Benjamini–Hochberg, q<0.05). 
 
Liver transcriptomics: High-quality RNA (RIN>8) was 
used for library preparation with the NEBNext® Ultra™ 
RNA Kit. Sequencing on an Illumina platform generated 
150 bp paired-end reads. Raw reads were trimmed 
(Fastp), aligned to mm10 (HISAT2), and quantified 
(featureCounts). Differential expression analysis used 
DESeq2 (|log2FC|>1, FDR<0.05). Functional enrichment 
of KEGG pathways and GO terms used clusterProfiler. 
 
Liver metabolomics: Liver tissue samples (100mg) were 
extracted with methanol/water (80:20). Chromatographic 
separation was performed on a C18 column with a 10-
minute gradient elution. Mass spectrometric detection was 
performed using high-resolution Q-TOF instrumentation 
with electrospray ionization. Compound identification 
integrated precursor mass, fragmentation patterns, and 
retention time alignment against curated databases. 
Multivariate pattern recognition (VIP>1) and univariate 
significance testing (adjusted P<0.05, ≥2-fold change) 
were applied, followed by metabolic pathway mapping. 
 
Multi-omics integration analysis. Correlation between 
gut microbiota (genus level), liver metabolome, and liver 
transcriptome was assessed using Spearman’s rank 
correlation coefficient. Significant correlations were 
defined as |r| > 0.5 and adjusted P<0.05 (FDR). 
Co-enriched KEGG pathways between differential 

metabolites and differential genes were identified using 
cluster Profiler (P<0.05). Fecal short-chain fatty acids 
were not included in this integration due to lack of 
significant differences among groups. All integration 
analyses were performed in R (version 4.2). 
 
Statistical analysis: Quantitative data are expressed as 
mean ± SEM. Statistical comparisons were performed in 
GraphPad Prism 10 using one-way ANOVA with Tukey’s 
post-hoc test (*P<0.01, **P<0.001). For multi-omics data 
(transcriptomics, metabolomics, 16S rRNA), false 
discovery rate (FDR) correction (Benjamini–Hochberg, 
q < 0.05) was applied to account for multiple 
comparisons, as detailed in the respective method 
sections. 

 
RESULTS  

 
Network pharmacology and computational toxicology 
elucidate FMN’s protective mechanisms against TET-
induced liver injury: We obtained the 2D structures and 
SMILES numbers of TET and FMN from PubChem and 
further visualized the structures using ChemDraw (Fig. 
1A). Our computational toxicology analysis predicted 
Tetracycline (TET) to be hepatotoxic (Toxicity Class 4; 
DILI probability: 0.58) (Fig. 1A). Through an integrative 
network pharmacology approach (Fig. 1B-D), we 
identified 39 common targets at the intersection of drug-
induced liver injury (DILI), TET, and Formononetin 
(FMN), suggesting these as the potential core mechanisms 
for FMN’s protective effects (Fig. 1B). Functional 
enrichment analysis of these 39 targets revealed 
significant involvement in key pathways including the 
PI3K-Akt, cGMP-PKG, and JAK-STAT signaling 
pathways (Fig. 1C). Furthermore, protein-protein 
interaction (PPI) network analysis pinpointed several 
high-degree hub genes, such as Bcl2, Egfr, Ptgs2, Esr1, 
Gsk3b, Mapk1, and Kit, which are predicted to play 
central roles in the therapeutic action of FMN against 
TET-induced liver injury (Fig. 1D). 
 
FMN attenuates TET-induced hepatic damage: The 
MODEL group showed significantly increased liver index 
(P<0.001, Fig. 2B) and serum AST levels (P<0.01, Fig. 
2C), with ALT demonstrating an upward trend (Fig. 2D). 
Histological examination revealed severe steatosis and 
necrosis (Fig. 2E), along with significantly expanded lipid 
droplet area (P<0.001, Fig. 2F), elevated TC and TG 
levels (both P<0.001, Fig. 2G-H), and decreased 
HDL/LDL ratio (P<0.05, Fig. 2I). FMN administration 
significantly reversed these alterations (liver index/AST: 
P<0.05; lipid parameters: P<0.001, Fig. 2B-I). At the 
molecular level, while FAS expression remained 
unchanged (Fig. 2J), the downregulation of β-oxidation 
genes (PPARα, AOX, CYP2E1: all P<0.001, Fig. 2K-M) 
was completely restored by FMN treatment. 
 
FMN alleviates TET-induced oxidative stress: TET 
exposure significantly impaired the antioxidant defense 
system, evidenced by elevated serum SOD inhibition 
(P<0.001, Fig. 3A), suppressed hepatic SOD activity 
(P<0.01, Fig. 3B), and reduced serum GSH levels 
(P<0.01, Fig. 3C). Molecular analyses revealed 
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downregulation of key antioxidant genes, including Nrf2, 
HO-1, Prdx3, and Cyp1a2 (all P<0.001, Fig. 3D-G). 
FMNH treatment effectively counteracted these changes, 
restoring oxidative stress markers to near-normal levels, 
which demonstrates its potent antioxidative properties 
against TET-induced hepatotoxicity. 
 
FMN ameliorates TET-induced colonic barrier 
damage and gut microbiota dysbiosis: We evaluated 
TET-induced intestinal barrier damage and FMN’s 
restorative effects through colonic histology, tight 
junction protein expression, and serum LPS levels. H&E 
staining revealed villus detachment in the TET-treated 
model group (Fig. 4A), with significantly reduced 
Occludin expression (P<0.001) and elevated serum LPS 
(P<0.001). FMN treatment dose-dependently reversed 
these changes (Fig. 4A-D), demonstrating its ability to 
repair TET-induced intestinal barrier disruption. 

16S rRNA sequencing analysis revealed that PCA 
analysis   showed   a   clear   distinction between the blank  

control group and the TET-treated group (Fig. 5A). Venn 
diagram analysis indicated that the model had the lowest 
number of OTUs, while the FMNH group exhibited an © 
count intermediate between the model and NC groups 
(Fig. 5B). TET significantly reduced the α-diversity of the 
gut microbiota (Faith’s PD), as well as Chao, Shannon, 
and Simpson indices, and FMNH reversed this effect (Fig. 
5C). β-diversity (unweighted UniFrac) analysis 
demonstrated that the NC and FMN groups had richer 
microbiota diversity compared to the model group (Fig. 
5D). LefSe and random forest analyses identified key 
bacterial phyla: Verrucomicrobiota, Deferribacterota, 
Desulfobacterota_1, Firmicutes_B_370539, 
Cyanobacteria, Acidobacteriota, and 
Patescibacteria_A_473307, which were sensitive to TET 
and modulated by FMN, suggesting that FMN may 
alleviate liver injury by regulating the gut microbiota (Fig. 
5E). SCFA results showed no significant differences 
among the groups (Fig. 5G) and the detection technique 
was reliable (R>0.99, Fig. 5F). 
 

 
 
Fig. 1: Integrated network pharmacology analysis reveals core targets and pathways for FMN’s protection against TET-induced injury. (A) 2D 
chemical structures of TET and FMN. (B) Venn diagram showing 39 common targets among DILI, TET, and FMN. (C) Top enriched KEGG pathways 
of the 39 common targets. (D) PPI network of common targets; node size and color indicate connectivity degree. 
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Fig. 2: FMN ameliorates TET-induced liver injury. (A) Experimental design. (B) Liver index. (C) Serum AST. (D) Serum ALT. © H&E and Oil Red O 
staining of liver. (F) Quantification of lipid droplet area. (G) Hepatic TG. (H) Hepatic TC. (I) Serum HDL/LDL ratio. (J) FAS mRNA expression (no 
significant change). (K-M) mRNA expression of β-oxidation genes: PPARα (K), AOX (L), CYP2E1 (M); all significantly downregulated (P<0.001). Note: 
ns: not significant, *P<0.05, **P<0.01 (two-tailed Student’s t-test with FDR correction). (group size: n=6). 
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Fig. 3: FMN alleviates TET-induced lipid metabolism disorder. (A) Serum SOD inhibition rate. (B) Hepatic SOD. (C) Hepatic GSH. (D) 
Hepatic Cyp1a2 mRNA. © Hepatic HO-1 mRNA. (F) Hepatic Prdx3 mRNA. (G) Hepatic Nrf2 mRNA. Note: ns: not significant, *P<0.05, **P<0.01 
(two-tailed Student’s t-test with FDR correction).(group size: n=6). (group size: n=6). 
 

 
 
Fig. 4: FMN mitigates TET-induced intestinal barrier damage. (A) Representative images of H&E and IHC staining for ZO-1 and 1157ccluding in colon 
tissue. (B) Quantification of ZO-1 protein expression (IHC). (C) Quantification of 1157ccluding protein expression (IHC). (D) Serum LPS 
concentration. Note: ns: not significant, *P<0.05, **P<0.01 (two-tailed Student’s t-test with FDR correction). (group size: n=6). 
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Fig. 5: FMNH modulates gut microbiota in TET-induced injury. (A) PcoA plot based on Bray-Curtis distance. (B) Venn diagram. (C) α-diversity 
analysis (Chao1, Faith’s PD, Shannon and Simpson indices). (D) Phylum-level microbial composition. © LefSe analysis of phylum-level biomarkers. (F) 
Quality control of SCFA measurement. (G) Differential analysis of SCFAs. Note: ns: not significant, *P<0.05, **P<0.01 (two-tailed Student’s t-test with 
FDR correction). (group size: n=6). 
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FMN regulates hepatic transcription: We performed 
transcriptome sequencing on the livers of each group. The 
results showed that compared to NC, MODEL exhibited 
899 up- and 751 down-regulated genes (|FC|≥2, Fig. 6A). 
FMNH treatment reversed 169 of these genes (Fig. 6C), 
while FMNL affected 74 up- and 82 down-regulated 
genes (Fig. 6E). GO analysis showed enrichment in 
oxidoreductase/monooxygenase activity and iron binding 
(Fig. 6B, D, F). Key pathways among the top 20 KEGG 
terms included steroid hormone biosynthesis, xenobiotic 
metabolism by cytochrome P450, glutathione metabolism,  

and inflammatory mediator regulation of TRP channels 
(Fig. 7A, B, C), suggesting FMNH’s role in metabolic 
detoxification and anti-inflammatory responses. Together, 
these results demonstrate that FMNH mitigates liver 
injury by coordinately regulating metabolic, 
inflammatory, and oxidative stress pathways. PPI network 
analysis identified key metabolic regulators, with FMNH 
treatment uniquely enriching cytochrome P450 genes 
(CYP3A41B, CYP1A2) and detoxification-related genes 
(GSTA3, DHCR7) (Fig. 7D&E), indicating enhanced 
hepatic detoxification capacity compared to FMNL. 
 

 
 
Fig. 6: FMNH regulates transcriptomic alterations in TET-induced liver injury. (A, C, E) Volcano plots of differentially expressed genes (DEGs). (B, D, 
F) GO enrichment analysis of top 20 DEGs. (group size: n=6). 
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Fig. 7: Key pathways and genes regulated by FMNH in TET-induced liver injury. (A-C) KEGG pathway enrichment analysis (Top 20) of DEGs. (D-E) 
Protein-protein interaction (PPI) network analysis of DEGs. 
 
FMN ameliorates TET-induced hepatic metabolic 
dysregulation: Hepatic metabolomic analysis revealed 
that TET exposure induced significant metabolic 
reprogramming, as shown by PCA (Fig. 8A) and OPLS-
DA (Q² = 0.811; Fig. 9A), with clear separation between 
Model and NC groups. FMN treatment shifted the 
metabolic profile toward normalization. Using criteria of 
VIP≥1 and FC≥2 or ≤0.5, we identified that the Model 
group had 198 upregulated and 239 downregulated 
metabolites compared to NC (Fig. 8B). Relative to Model, 
FMNH treatment resulted in 140 upregulated and 67 
downregulated metabolites (Fig. 8C), while FMNL led to 
93 upregulated and 59 downregulated metabolites (Fig. 
8D). KEGG enrichment analysis indicated that these 
differential metabolites were significantly enriched in the 
PI3K-AKT and cGMP-PKG signaling pathways (Fig. 8E-
G). Specifically, TET depleted hepatoprotective 

lysophospholipids (LysoPC(14:1), LPE (18:1); Fig. 9B), 
accumulated xenobiotic metabolites (3’-azido-3’-
deoxythymidine 5’-monophosphate; Fig. 9D) and 
disrupted bile acid conjugation (Fig. 9C). FMN dose-
dependently reversed these perturbations (Fig. 9C-D), 
normalizing lysophospholipid profiles (LysoPC(14:1), 
LPC(17:1); Fig. 9B), reducing toxic xenobiotics, and 
restoring energy metabolites (GMP, acetyl-glycine; Fig. 
9D). These findings demonstrate that FMN mitigates 
TET-induced hepatotoxicity by coordinating lipid 
homeostasis and detoxification pathways. 
 
Integrated multi-omics analysis reveals gut 
microbiota-metabolite interactions and metabolic 
pathway dysregulation in TET-induced liver injury: 
To perform true multi-omics integration rather than 
presenting parallel datasets, we conducted 
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correlation-based network analysis linking gut 
microbiota, liver metabolites, and liver transcripts. 
Significant microbiota-liver metabolite associations were 
identified: Duboxiella positively correlated with 2-
methylbutyric acid and Limosilactobacillus with decanoic 
acid (both P<0.01), while Ligilactobacillus, Alistipes_A_ 
871400, Butyricicoccus_A_77030, Sporofaciens and 
UBA11471 showed negative correlations with multiple 
short-chain fatty acids. These results demonstrate specific 
microbial contributions to host metabolite profiles, 
suggesting distinct functional roles in fatty acid 
metabolism in liver (Fig. 10A). Integrated analysis of 
differentially expressed genes and metabolites identified 
several significantly co-enriched KEGG pathways. The 
most prominent pathways included glutathione 
metabolism, fatty acid degradation and biosynthesis,  and  
AMPK  signaling  pathway. Additional  

co-enriched pathways involved FoxO signaling, bile 
secretion, and glycosaminoglycan biosynthesis. These 
coordinated alterations suggest potential interplay 
between metabolic and transcriptional regulation in the 
Model group compared to FMNH (Fig. 10B). Our 
analysis identified significant positive correlations 
(P<0.05, R>0.5) between ferroptosis-related genes (Fasn, 
Srebf1, Fdps, Cyp1a2) and metabolites (Phe-Pro, Glu-
Arg, Glycine), with Fasn showing the strongest 
associations (P<0.01). These metabolites also exhibited 
highly significant correlations with Cyp2c37, Camp, and 
Pcsk9, suggesting an interconnected regulatory network 
linking lipid metabolism, peptide homeostasis, and 
ferroptosis pathways. Notably, Camp demonstrated a 
strong association with Glu-Arg, while Pcsk9 correlated 
significantly with Glycine, indicating potential crosstalk 
between metabolic and immune processes (Fig. 10C). 

 

 
 
Fig. 8: Metabolomic landscape and pathway reprogramming by FMNH in TET-induced liver injury. (A) PCA plot. (B-D) Volcano plots of DEGs: (B) 
Model vs NC, (C) FMNL vs Model, (D) FMNH vs Model. (E-G) KEGG pathway enrichment analysis. (group size: n=6). 
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Fig. 9: Multivariate and differential metabolite analysis. (A) PCA score plot. (B-D) Stick plots of the differential metabolites between the compared 
groups (ordered by their Z-score value). (B) Model vs. NC group. (C) FMNH vs. Model group. (D) FMNL vs. Model group. (group size: n=6). 

 
DISCUSSION 

 
As the body's largest parenchymal organ, the liver 

executes essential metabolic, detoxification, and synthetic 
functions (Cheng et al., 2021). In veterinary medicine, 
tetracycline antibiotics (oxytetracycline, doxycycline) are 
widely employed to treat respiratory and enteric infections 
in livestock and companion animals; however, their 
tetracycline antibiotics potential to induce subclinical 
hepatic dysfunction is often underestimated, potentially 
compromising animal growth performance and feed 
efficiency (Wu et al., 2022; Liang et al., 2024). While 

several multi-omics studies have described gut–liver axis 
changes during drug-induced liver injury, the specific 
mechanistic contribution of formononetin in 
tetracycline-induced hepatotoxicity has not been 
previously addressed. Tetracycline antibiotics, while 
clinically valuable, demonstrate significant hepatotoxicity 
that may progress to liver failure in susceptible 
individuals (Wang et al., 2024a). Emerging evidence 
supports traditional medicine's role in NAFLD 
management (Lan et al., 2022), particularly through early 
intervention in metabolic dysregulation (Zhang et al., 
2022). 
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Fig. 10: Joint analysis. (A) Differential metabolites vs. differential microorganisms correlation. (B) KEGG pathways co-enriched by differential 
metabolites and differential genes. (C) Correlation analysis of ferroptosis-related genes and metabolites (group size: n=6). 
 

Using network pharmacology, we identified 39 
common targets among DILI, TET, and FMN, suggesting 
FMN modulates pathways involved in oxidative stress, 
inflammation, and cell survival. Enrichment of PI3K-Akt, 
cGMP-PKG, and JAK-STAT pathways aligns with their 
known roles in hepatocyte apoptosis and metabolic 
regulation (Zhang et al., 2023; Wang et al., 2024b; Shi et 
al., 2025). Notably, these predicted pathways (PI3K-Akt, 

cGMP-PKG, JAK-STAT) were also enriched in our 
transcriptomic data (Fig. 8A-C), providing 
cross-validation between in silico predictions and 
experimental omics data. This consistency suggests that 
the network pharmacology predictions are reliable for 
generating hypotheses, although functional validation is 
still required. Hub genes such as Bcl2, Egfr, Ptgs2, and 
Mapk1 are involved in mitochondrial function and 
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oxidative stress (Zhao et al., 2022; Zhu 2023; Liu et al., 
2025). Given the homology of these pathways across 
species, our in-silico findings support exploring FMN's 
hepatoprotective potential in veterinary contexts (Jiang et 
al., 2025). 

In a TET-induced mouse liver injury model, FMN 
intervention improved hepatic steatosis, as evidenced by 
reduced serum ALT, AST, and hepatic lipid accumulation 
(Zhai et al., 2024). Mechanistically, TET inhibited fatty 
acid oxidation enzymes (PPARα, AOX, CYP2E1) in 
mitochondria, peroxisomes, and microsomes, while FMN 
treatment attenuated this inhibition, particularly restoring 
PPARα and CYP2E1 expression, indicating that 
improvement in mitochondrial and microsomal function 
underlies its anti-steatotic effects(Zhao et al., 2022). 
Additionally, TET-induced oxidative stress was evidenced 
by NRF2 pathway suppression and reduced antioxidant 
components, whereas FMN upregulated Nrf2/HO-1-related 
transcripts and restored SOD/GSH levels at the protein 
level, indicating enhanced antioxidant capacity (Anandhan 
et al., 2023; Panov, 2024; Sun et al., 2025). FMN also 
reversed TET-induced downregulation of Prdx3, a 
mitochondrial peroxidase linked to ferroptosis. This is 
consistent with possible inhibition of ferroptosis, but direct 
evidence (e.g., GPX4, MDA, 4-HNE) is lacking (Oh et al., 
2022; Cui et al., 2023). From a veterinary standpoint, 
reducing hepatic lipid accumulation is critical for 
preventing fatty liver in dairy cows and improving carcass 
quality in pigs, positioning FMN as a potential metabolic 
regulator in animal production (Du et al., 2026).   

The gut-liver axis plays a critical role in NAFLD 
progression, where microbial dysbiosis accelerates disease 
and intestinal barrier impairment allows LPS to reach the 
liver (Chu et al., 2021; Hong et al., 2021; Scarpellini et 
al., 2024; Yibcharoenporn et al., 2025). Our 16S rRNA 
sequencing revealed that TET exposure reduced gut 
microbial diversity, increased Streptococcus and 
Erysipelotrichales, and decreased beneficial taxa such as 
Limosilactobacillus, Oscillospirales, Dubosiella, and 
Acutalibacteraceae. FMN administration reversed these 
shifts and restored microbial equilibrium, demonstrating 
its capacity to maintain gut-liver axis homeostasis. In 
livestock, gut microbial equilibrium is linked to reduced 
subclinical infections and improved growth performance 
(Chen et al., 2025), positioning FMN as a potential 
alternative to antibiotic growth promoters. Additionally, 
TET reduced intestinal barrier proteins ZO-1 and 
Occludin (Maali et al., 2024) and elevated serum LPS 
levels, effects reversed by FMN, indicating FMN repairs 
the intestinal barrier and reduces endotoxin translocation. 

Transcriptomic analysis showed that differentially 
expressed genes were involved in oxidoreductase activity, 
monooxygenase activity, and iron ion binding. 
Metabolomic analysis revealed that FMN modulated 
hepatic metabolites enriched in the PI3K-AKT pathway 
and cellular senescence. pAKT protects against stress-
induced cell death (Shehu et al., 2019), while oxidative 
stress can induce cellular senescence (Rodenak-Kladniew 
et al., 2020), and slower senescence may increase tissue 
injury susceptibility (Huda et al., 2019; Marin et al., 
2023). These findings suggest FMN repairs liver injury by 
enhancing antioxidant activity and inhibiting oxidative 
stress. 

Integration of gut microbiota and liver metabolome 
data revealed that gut microbiota alterations were 
accompanied by altered levels of several 
microbiota-related fatty acids in the liver metabolome, 
including acetic acid, butyric acid, 2-methylbutyric acid, 
caproic acid, 2-ethylcaproic acid, and decanoic acid. 
Notably, fecal SCFA levels did not differ significantly 
among groups. Although speculative, this discrepancy 
may be attributable to methodological differences 
(targeted vs. untargeted detection) or temporal 
mismatches between cumulative fecal excretion and 
snapshot liver sampling ((Gao et al., 2024; Kandalgaonkar 
et al., 2024). Importantly, the lack of change in fecal 
SCFAs does not undermine the main conclusion that 
FMN protects against TET-induced liver injury via gut 
microbiota–liver crosstalk, as other microbial metabolites 
(e.g., bile acids, tryptophan derivatives) may play more 
prominent roles. Further studies are needed to identify the 
key mediators. 

Integrated multi-omics analysis revealed coordinated 
dysregulation of lipid metabolism and redox pathways, 
with enrichment of glutathione metabolism and fatty acid 
degradation along with AMPK perturbations, suggesting a 
metabolic state favoring ferroptosis. Downregulation of 
GPX4, reduced GSH levels, and accumulation of 
peroxidation-prone PUFAs recapitulate ferroptosis 
signatures, which is consistent with a model in which gut 
dysbiosis contributes to metabolic disturbances that may 
promote ferroptotic hepatocyte death. Collectively, TET 
induces hepatotoxicity through oxidative stress and gut-
derived endotoxin translocation, while FMN exerts multi-
target protective effects by mitigating hepatic oxidative 
damage and intestinal barrier dysfunction. In summary, 
our findings suggest that FMN may confer protection 
through (1) regulation of PPARα/CYP2E1 to reduce lipid 
deposition, (2) activation of Nrf2/HO-1-related pathways 
to enhance antioxidant capacity and possibly inhibit 
ferroptosis, (3) improvement of gut microbiota diversity 
and intestinal barrier function to reduce LPS translocation, 
and (4) coordination of PI3K-AKT and glutathione 
metabolism to restore metabolic homeostasis. 

Before concluding, several limitations of this study 
should be considered. The tetracycline exposure regimen 
consisted of three consecutive daily doses 
(150mg/kg/day), which models acute, overdose-induced 
hepatotoxicity. This model does not represent chronic, 
low-dose tetracycline exposure. However, acute liver 
injury following tetracycline or its derivative exposure is 
itself a clinically documented scenario (Silva et al., 2023; 
Wang et al., 2024a). Therefore, our findings should be 
interpreted within the context of acute tetracycline 
overdose rather than chronic exposure. Additionally, the 
sample size (n=6 per group) is relatively small for 
multi-omics integration, which may affect statistical 
power and reproducibility. This should be addressed in 
future studies with larger cohorts. Additionally, the 
network pharmacology predictions presented here are 
hypothesis-generating and require experimental validation 
(e.g., protein-level or functional assays) in future studies. 
Additionally, while our transcriptomic and biochemical 
data (SOD, GSH) support Nrf2/HO-1-mediated 
antioxidant effects, ferroptosis-related conclusions are 
based solely on Prdx3 mRNA changes and lack direct 
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protein-level validation (e.g., GPX4, MDA, 4-HNE). 
Functional ferroptosis assays are needed to confirm this 
mechanism. These findings position FMN as a promising 
multi-target hepatoprotective agent, though further 
research is needed to evaluate its clinical safety and long-
term efficacy. 
 
Conclusions: This study demonstrates that formononetin 
alleviates acute tetracycline-induced liver injury in mice 
by modulating the gut microbiota–liver axis. Integrated 
multi-omics analysis revealed that formononetin enhances 
gut microbial diversity, restores intestinal barrier integrity, 
and reduces LPS translocation. At the hepatic level, 
formononetin is associated with activation of the 
Nrf2/HO-1 pathway and possible inhibition of ferroptosis, 
along with regulation of PPARα/CYP2E1-mediated lipid 
metabolism. Although further validation (e.g., 
protein-level assays, larger animal models) is required, 
these findings provide a preliminary basis for evaluating 
formononetin as a potential hepatoprotective agent in 
veterinary settings in the future. 
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