
Acta Biochim Biophys Sin 2026, 58(11): 2596–2608
https://cstr.cn/32197.14.abbs.2026041
https://doi.org/10.3724/abbs.2026041

Original Article

Original Article

Synergistic hepatic metabolic effects induced by coexposure
to the fungicides carbendazim and procymidone in rats
Zhiwei Bao1,2, Ting Luo2, Shiyi Hu1, Guiling Yang2,3,*, and Yuanxiang Jin1,*

1College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou 310032, China, 2State Key Laboratory of
Agricultural Products Safety/Key Laboratory of Detection for Pesticide Residues and Control of Zhejiang, Institute of Agro-product Safety and
Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China, and 3Biomanufacturing Research Institute of Xianghu
Laboratory, Hangzhou 311231, China
*Correspondence address. E-mail: guilingchina2008@163.com (G.Y.); jinyx@zjut.edu.cn (Y.J.)

Received 17 October 2025 Accepted 22 January 2026 Published 26 May 2026

Abstract
Carbendazim (CBZ) and procymidone (PRO) are two fungicides widely used for decades. With excessive use,
potential public health risks from their coresidues in vegetables and the environment have attracted increasing
attention. Here, 6-week-old male SD rats are orally gavaged with 200 mg/kg CBZ, 200 mg/kg PRO, or 200 mg/kg CBZ
+ 200 mg/kg PRO (Mix group). At 1, 8 and 72 h postexposure, liver samples were collected and subjected to
untargeted metabolomic analysis. Sparse partial least squares discriminant analysis (sPLS-DA) shows that all
treatment groups exhibit significant separation from the Control group. Meanwhile, the Mix group is also sig-
nificantly separated from the individual treatment groups. At 1 and 8 h postexposure, differentially abundant
metabolites are predominantly enriched in fatty acyls according to HMDB classification, and the levels of 12-keto-
eicosatetraenoic acid (12-KETE) are significantly elevated across treatment groups. 12-KETE acts as a PPARγ ligand
and regulates PPARγ signaling pathways. The Mix-8 h group exhibits the largest number of differentially abundant
metabolites. KEGG enrichment analysis identifies two uniquely enriched pathways with high impact (phenylala-
nine, tyrosine and tryptophan biosynthesis and linoleic acid metabolism). Within these pathways, linoleic acid, 13
(S)-HPODE and L-tyrosine are significantly decreased only in the Mix-8 h group. Time-course analysis reveals
diverse patterns of altered differentially abundant metabolites rather than a simple monotonic trend. Additionally,
hepatic metabolite profiles remain separated among treatment groups after 72 h postexposure, although CBZ and
PRO residues are hardly detected. Collectively, these results indicate that coexposure to CBZ and PRO amplifies
hepatic metabolic disruption and produces mixture-specific toxic effects.
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Introduction
Fungicides are important in agricultural production for controlling
fungal diseases. Over the past decades, many different fungicides
have been developed. Carbendazim (CBZ), a benzimidazole
fungicide, binds to β-tubulin to inhibit fungal microtubule
polymerization [1,2]. Procymidone (PRO), a dicarboximide fungi-
cide, controls fungal growth by inhibiting spore germination,
mycelial growth and triglyceride synthesis [3]. In agricultural
production, these two fungicides have advantages such as broad-
spectrum activity and cost-effectiveness [4,5]. Consequently, they
have been widely used worldwide, including in China, Brazil and
India, for decades [6,7]. The widespread application of CBZ and

PRO has led to the frequent detection of their residues in fruits [8,9],
vegetables [10] and Traditional Chinese Medicine [11]. In addition,
Park et al. [12] reported that PRO was one of the most frequently
detected fungicides in vegetables in South Korea. In Zhejiang,
China, three years of surveillance revealed a high detection rate of
PRO in tomato and eggplant [13]. Additionally, 82 pesticides were
detected in the Jiulong River and estuary in South China, and all
samples had PRO residuals [14]. Moreover, CBZ was detected in
Brazil watercourse (maximum: 1396 ng/L) and Ebro Delta rice fields
(maximum: 200 μg/L) [15,16].
Several previous studies have reported the individual toxic effects

of CBZ and PRO on lipid metabolism [17], the inflammatory
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response [18], development [19] and reproduction [20,21]. Our
previous studies have demonstrated that CBZ exposure alters gut
microbiota composition and induces liver lipid accumulation
[18,22]. PRO acts as an anti-androgen by competitively inhibiting
androgen binding to the androgen receptor [23]. In larval zebrafish,
PRO exposure disrupted the expression of GABA-nervous genes and
reduced swimming distance [24]. Recent evidences suggest that
pesticide residues often consist of multiple compounds, and the
potential impact of combined pesticide exposure on public health is
receiving increased attention [11,25]. Wade et al. [26] reported that
insecticide-fungicide combination exposure to larval honeybees
caused lower survival to adulthood than the control or fungicide-
only treatments. In addition, combined exposure to procymidone
and chlorothalonil was reported to affect liver glycolipid metabo-
lism and disrupt intestinal function [27]. Meanwhile, Di et al. [28]
reported that the combined use of CBZ and PRO in strawberry
greenhouses significantly increased dissipation half-lives compared
with single use. However, studies on the potential toxic effects of
combined exposure to CBZ and PRO remain limited, and further
investigation is warranted.
Metabolomic analysis has been extensively used to explore the

toxic effects of environmental pollutants on organisms [29,30]. For
instance, Wang et al. [27] performed targeted metabolomic analysis
and found that the combination of chlorothalonil and PRO affected
serum acyl-carnitine profiles. Additionally, untargeted metabolomic
analysis revealed the toxic effects of chlorothalonil, carbendazim
and prochloraz in larval zebrafish and suggested that 2-aminoadipic
acid might serve as a biomarker of exposure to these fungicide
mixtures [31]. The liver serves as the primary organ for metabolism,
detoxification and biotransformation of xenobiotics, making it the
principal target for environmental pollutants [29,32]. Consistent
with this, some previous studies have reported that individual
exposure to either CBZ or PRO causes liver injury and metabolic
disorders [17,22,33]. While the occurrence of CBZ and PRO in
vegetables and the environment is well documented, the potential
health risks of their mixture remain unclear.
In this study, we employed untargeted metabolomic analysis to

elucidate hepatic toxicity induced by combined exposure to CBZ
and PRO. Our findings provide new evidence for the combined toxic
effects of CBZ and PRO on hepatic metabolic alterations, which will
contribute to public health risk assessment and fungicide safety
management.

Materials and Methods
Animals and experimental design
Male SD rats (5-week-old) were purchased from the China National
Laboratory Animal Research Center (Shanghai, China), housed at
four rats per cage, and raised at 22°C under a 12 h:12 h light-dark
cycle. This work received approval for research ethics from the
Institutional Research Ethics Committee of Zhejiang Academy of
Agricultural Sciences. Two fungicides, carbendazim (CBZ, purity ≥
97%) and procymidone (PRO, CAS No. 32809-16-8, purity ≥ 97%),
obtained from Aladdin (Shanghai, China), were dissolved in corn
oil.
After one week of acclimation, animals were randomly assigned

to four groups: Control group (0 h, n = 4), CBZ group (200 mg/kg, n
= 12), PRO group (200 mg/kg, n = 12) and Mix group (200 mg/kg
CBZ + 200 mg/kg PRO, n = 12). Treatments were administered by
oral gavage. Four control rats were euthanized at 0 h. For each

treatment group, four rats were euthanized at 1, 8, and 72 h
postgavage. Liver samples were rapidly excised, snap-frozen in
liquid nitrogen and stored at –80°C for subsequent untargeted
metabolomic analysis.

Hepatic untargeted metabolomics analysis
For the hepatic untargeted metabolomic analysis, liver tissues were
extracted by adding 1 mL of extraction solvent consisting of 75% of
a 9:1 methanol:chloroform mixture and 25% H2O. Samples were
homogenized twice at 50 Hz for 60 s, sonicated for 30 min at room
temperature and incubated on ice for 30 min. Then, the extracts
were centrifuged at 13,800 g for 10 min at 4°C, and the
supernatants were transferred to fresh tubes. Extracts were
reconstituted in 200 μL of 50% acetonitrile solution containing 2-
amino-3-(2-chloro-phenyl)-propionic acid (4 ppm), vortexed and
filtered through a 0.22-μm membrane for further LC-MS/MS
detection. Chromatographic separation was performed on an
ACQUITY UPLC HSS T3 column (150 mm × 2.1 mm, 1.8 μm) by
an ACQUITY UPLC system (Waters, Milford, USA). The column
temperature was held at 40°C. The mobile phase for positive model
analysis was: (A) 0.1% (v/v) formic acid in acetonitrile and (B)
0.1% (v/v) formic acid in water and the gradient was (1) 0–1 min,
2% A, (2) 1–9 min, 2%–50% A, (3) 9–12 min, 50%–98% A, (4)
12–13.5 min, 98% A, (5) 13.5–14 min, 98%–2% A and (6)
14–20 min, 2% A. In addition, the mobile phase for negative model
analysis was: (C) 0.1% (v/v) formic acid in acetonitrile and (D)
0.1% (v/v) formic acid in water, and the gradient was: (1) 0–1 min,
2% C, (2) 1–9 min, 2%–50% C, (3) 9–12 min, 50%–98% C, (4)
12–13.5 min, 98% C, (5) 13.5–14 min, 98%–2% C, and (6)
14–20 min, 2% C. Mass spectrometric analysis was performed on a
Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific,
Waltham, USA) equipped with an electrospray ionization (ESI)
source. Data were acquired in full MS/data-dependent MS/MS (Full
MS-ddMS2) mode. Source and acquisition parameters were as
follows: sheath gas = 30 (arb. units); auxiliary gas = 10 (arb. units);
spray voltage = +3.50 kV (ESI+) and –2.50 kV (ESI–); capillary
temperature = 325°C. MS1 scans were acquired over m/z 81–1000 at
70,000 FWHM resolving power (at m/z 200), with up to 10 data-
dependent MS/MS scans per cycle at 17,500 FWHM. Normalized
collision energy (NCE) was set to 30%, and dynamic exclusion was
enabled (automatic).

Hepatic differential abundant metabolites analysis
The KEGG pathway enrichment analysis of hepatic differentially
abundant metabolites was performed by MetaboAnalyst [34]. The
superclass and class of differentially abundant metabolites were
enriched according to The Human Metabolomic Database (HMDB)
[35]. The Venn diagram and Venn network diagram of differentially
abundant metabolites were plotted in EVenn [36]. The time-course
analysis of differentially abundant metabolites was performed by
the R package Mfuzz [37].

Statistical analysis
The differentially abundant metabolites in the liver after exposure
were filtered by P < 0.05 and |Log2Foldchange| > 0.585. Data are
expressed as the mean ± SEM. The statistical significance was
determined by t-test between the treated groups and the 0 h group
via MetaboAnalyst [34]. P < 0.05 was considered to indicate
statistically significant difference.
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Results
Hepatic untargeted metabolomic analysis
The liver is the primary organ for energy metabolism and xenobiotic
detoxification. To assess hepatic toxicity following binary exposure
to CBZ and PRO, untargeted metabolomic analysis was performed
to determine the hepatic metabolite profiles among the CBZ, PRO

and Mix groups at 1, 8 and 72 h postexposure (Figure 1). The total
ion chromatogram showed the hepatic metabolomic profiles (Figure
1A). In all 40 samples, sparse partial least squares discriminant
analysis (sPLS-DA) was applied to visualize discrimination between
treatment groups and the control group (0 h) (Figure 1B). The
metabolites with the top 5 scores in loadings 1 and 2 are shown in

Figure 1. Hepatic untargeted metabolomic analysis after exposure to CBZ, PRO and Mix (A) The total ion chromatogram of hepatic untargeted
metabolomics analysis by LC-MS/MS after exposure. (B) The sPLS-DA plot of all samples. (C) The top 5 scoring metabolites in loadings 1 and 2. (D)
Two metabolites with loading score > 0.5 in loading 1, including L-malic (M134T84) and propionyl-carnitine (M218T250). (E) Gluconic acid
(M195T90) with loading score > 0.5 in loading 2. Data are presented as the mean ± SEM (n = 4). *P < 0.05, **P < 0.01.
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Figure 1C, and the metabolites with score > 0.5 in loadings 1 and 2
were L-malic acid (M134T84), propionylcarnitine (M218T250) and
gluconic acid (M195T90) (Figure 1C). The contents of L-malic acid
were significantly decreased in the CBZ-1 h group, and propionyl-
carnitine was significantly increased in the Mix-1 h and Mix-8 h
groups (Figure 1D). In addition, the contents of gluconic acid were
significantly decreased in the CBZ-1 h, Mix-1 h, CBZ-8 h, PRO-8 h,
CBZ-72 h, PRO-72 h and Mix-72 h groups (Figure 1E).

The sPLS-DA results among CBZ, PRO and Mix groups at
1 or 8 h postexposure
Then, we compared the differences among CBZ, PRO and Mix
treatments at 1 or 8 h postexposure (Figure 2). sPLS-DA was
performed in the CBZ, PRO and Mix treatment groups after 1 or 8 h
of exposure (Figure 2). At 1 h postexposure, the CBZ, PRO and Mix
groups were significantly separated from the 0 h group, and the
three treatment groups clustered closely (Figure 2A). The metabo-
lites with the top 5 scores in loadings 1 and 2 were plotted (Figure
2B). Four metabolites had loading score > 0.5, including glucosamine
(M160T105), fructose 1,6-bisphosphate (M339T78), gluconic acid
(M195T90) and adenine (M134T277) (Figure 2B). The levels of
glucosamine were significantly increased in the PRO-1 h and
Mix-1 h groups, and fructose 1,6-bisphosphate was significantly
increased in the PRO-1 h group (Figure 2C). The levels of gluconic
acid and adenine were significantly decreased after CBZ, PRO and
Mix treatment (Figure 2C). Additionally, the sPLS-DA results
showed that the CBZ-8 h, PRO-8 h and Mix-8 h groups also had
significant separation from the 0 h group (Figure 2D). Meanwhile,
the Mix-8 h group was also significantly separated from the CBZ-8 h
and PRO-8 h groups. Three metabolites had score > 0.5, including
16-hydroxy hexadecanoic acid (M271T829), pyrophosphate
(M177T86) and hydroxyphenyllactic acid (M183T220) (Figure
2E). The levels of 16-hydroxy hexadecenoic acid and pyropho-
sphate were significantly decreased in the CBZ-8 h, PRO-8 h and
Mix-8 h groups compared with those in the 0 h group (Figure 2F).

Differential hepatic metabolites after 1 and 8 h of
administration
Then, the hepatic differentially abundant metabolites after 1 and 8 h of
exposure were filtered by P < 0.05 and |Log2FoldChange| > 0.585
(Figure 3). The volcano plot showed the hepatic differentially
abundant metabolites after CBZ, PRO and Mix treatment at 1 and
8 h postexposure (Supplementary Figure S1). After 1 h of exposure, 33,
45 and 32 hepatic differentially abundant metabolites were identified
in the CBZ, PRO and Mix groups, respectively (Figure 3A and
Supplementary Figure S1A–C). In addition, 44, 44 and 87 differentially
abundant metabolites were observed after 8 h of exposure (Figure 3A
and Supplementary Figure S1D–F). In the 1 h treatment groups, the
PRO group had the largest number of differentially abundant
metabolites compared with the CBZ-1 h and Mix-1 h groups (Figure
3A). At 8 h postexposure, the Mix-8 h group had the largest number of
differentially abundant metabolites compared with the other two
groups (Figure 3A). The Venn diagram and network detailed showed
all hepatic differentially abundant metabolites in the CBZ, PRO and
Mix treatment groups after 1 and 8 h of exposure (Figure 3B,C).

HMDB classification and KEGG pathway enrichment
analysis of hepatic differentially abundant metabolites
Additionally, hepatic differentially abundant metabolites at 1 and

8 h postexposure were enriched according to the Human
Metabolome Database (HMDB) in 30 Classes and 9 Superclasses
(Figure 4). Aside from the Others class, hepatic differentially
abundant metabolites were predominantly enriched in the top 3
Classes: (1) fatty acyls, (2) carboxylic acids and derivatives and (3)
organooxygen compounds. Within the fatty acyls class, the Mix-8 h
group had a greater number of differentially abundant metabolites
than the individual CBZ and PRO treatment groups (Figure 4).
Moreover, hepatic differentially abundant metabolites at 1 and 8 h
postexposure were enriched by the KEGG database, including 43
level 2 pathways and 8 level 1 pathways (Figure 5). These enriched
pathways from different treatment groups showed distinct patterns.
For example, porphyrin metabolism, arginine biosynthesis, nitro-
gen metabolism and butanoate metabolism were enriched only in
the CBZ-1 h and CBZ-8 h groups but not in the PRO or Mix treatment
groups (Figure 5). Some pathways, such as amino sugar and
nucleotide sugar metabolism, were enriched in both the PRO and
Mix groups. In addition, biosynthesis of unsaturated fatty acids and
arachidonic acid metabolism were enriched across the CBZ, PRO
and Mix treatment groups. Consistent with Figure 3C, the peak
intensity of 12-keto-eicosatetraenoic acid (12-KETE) was markedly
increased after CBZ, PRO and Mix exposure at 1 and 8 h
(Supplementary Figure S2A). We also observed that phenylalanine,
tyrosine and tryptophan biosynthesis and linoleic acid metabolism
were enriched with high impact only in the Mix-8 h group (Figure
5). In linoleic acid metabolism, the levels of linoleic acid 13-L-
hydroperoxylinoleic acid [13(S)-HpODE] were significantly de-
creased in the Mix-8 h group compared with those in the 0 h group
(Supplementary Figure S2B,C). For the phenylalanine, tyrosine and
tryptophan biosynthesis pathways, the levels of L-tyrosine were
significantly decreased in the Mix-8 h group compared with those
the 0 h group (Supplementary Figure S2D).

sPLS-DA results of time-dependent changes after CBZ,
PRO and Mix treatment
sPLS-DA analysis was performed to assess time-dependent changes
after CBZ, PRO and Mix treatments (Figure 6). The sPLS-DA plot
revealed a clear separation of the CBZ-exposed groups (1 and 8 h)
from the 0 h group. The divergence between every treated and 0 h
group increased as the time course progressed (Figure 6A). Similar
results were also observed in the PRO and Mix treatment groups
(Figure 6C,E). The hepatic differentially abundant metabolites in
the CBZ-treated groups with loading score > 0.5 were gluconic acid
(M195T90), 16-hydroxy hexadecanoic acid (M271T829) and L-
glutamic acid (M148T96) (Figure 6B). The contents of gluconic acid
and 16-hydroxy hexadecanoic acid were significantly decreased
after CBZ treatment (Supplementary Figure S3A). The peak
intensity of L-glutamic acid was significantly decreased in the
CBZ-1 h group but significantly increased in the CBZ-8 h group
(Supplementary Figure S3A). In addition, the differentially abun-
dant metabolites of the PRO treatment groups with loading score >
0.5 were 16-hydroxy hexadecanoic acid (M271T829) and D-lyxose
(M151T529) (Figure 6D). The levels of 16-hydroxy hexadecanoic
acid were significantly decreased after PRO exposure, and the levels
of D-lyxose were significantly increased in the PRO-8 h group
(Supplementary Figure S3B). After mixed exposure, the differen-
tially abundant metabolites with loading score > 0.5 were
glucosamine (M160T105) and indolin-2-one (M134T449) (Figure
6F). The levels of glucosamine and indolin-2-one were both
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Figure 2. sPLS-DA results of different treatment groups (A) The sPLS-DA plot at 1 h postexposure with 0 h, CBZ-, PRO- and Mix-treated groups.
(B) The loading scores for loadings 1 and 2 at 1 h postexposure. (C) The metabolites with loading score > 0.5 in loadings 1 and 2. (D) The sPLS-DA
plot at 8 h postexposure with 0 h, CBZ-, PRO- and Mix-treated groups. (E) The loading scores for loadings 1 and 2 at 8 h postexposure. (F) The
metabolites with loading score > 0.5 in loadings 1 and 2. Data are presented as the mean ± SEM (n = 4). **P < 0.01.
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significantly increased in the Mix-1 h and Mix-8 h groups
(Supplementary Figure S3C).

Time-course analysis of hepatic differentially abundant
metabolites after 1 and 8 h of exposure
The above results indicated that CBZ, PRO and Mix exposure
induced time-dependent changes in hepatic metabolite profiles. We
therefore performed a time-course analysis to explore how
differentially abundant metabolites changed after exposure. There
was a total of 67, 75 and 104 hepatic differentially abundant
metabolites after CBZ, PRO and Mix exposure, respectively (Figure
7). However, the number of common differentially abundant
metabolites was only 10, 12 and 15 in the CBZ, PRO and Mix
groups, respectively (Figure 7A,C,E). After CBZ, PRO and Mix

exposure at 1 and 8 h postexposure, these differentially abundant
metabolites were clustered by the R package Mfuzz. In each group,
all differentially abundant metabolites were clustered into
6 clusters. In the CBZ treatment groups, most differentially
abundant metabolites belonged to Clusters 2 (20.90%) and
4 (23.88%) (Figure 7B). For Cluster 4, these differentially abundant
metabolites decreased sharply after 1 h of exposure and continued
to decrease after 8 h of exposure (Figure 7B). After PRO exposure,
most differentially abundant metabolites were clustered in Cluster 1
(21.05%) (Figure 7D). These differentially abundant metabolites
showed an inverted-V shaped pattern (Figure 7D). After Mix
exposure, most differentially abundant metabolites were clustered
into Cluster 2 (23.08%) and Cluster 6 (21.15%) (Figure 7F).
These differentially abundant metabolites showed continuously

Figure 3. Hepatic differentially abundant metabolites after CBZ, PRO and Mix exposure (A) The number of hepatic differentially abundant
metabolites after 1 and 8 h of exposure to CBZ, PRO and Mix. (B) Venn diagram of all differentially abundant metabolites in the six treatment
groups. (C) Venn network diagram of all differentially abundant metabolites in the six treatment groups.

Synergistic hepatic effects of carbendazim and procymidone coexposure 2601

Bao et al. Acta Biochim Biophys Sin 2026

https://www.sciengine.com/ABBS/doi/10.3724/abbs.2026041


increasing and decreasing patterns after 1 and 8 h of exposure
(Figure 7F).

The sPLS-DA results after CBZ, PRO and Mix exposure at
72 h
After 72 h of exposure, the sPLS-DA results showed that there
was also a significant separation across the CBZ, PRO and Mix
groups (Supplementary Figure S4A). In loadings 1 and 2, the
differentially abundant metabolites with loading score > 0.5 were
N-acetyl-D-galactosamine (M318T221) and D-iditol (M182T655)
(Supplementary Figure S4B). The levels of N-acetyl-D-galactosa-
mine were significantly increased in the Mix-72 h group compared
with the CBZ-72 h and PRO-72 h groups (Supplementary Figure
S4C). Additionally, the Mix-72 h group showed significantly lower

levels of D-iditol than the individual CBZ and PRO groups
(Supplementary Figure S4C).

Discussion
The excessive use of CBZ and PRO has led to the frequent detection
of their residues in agricultural products and has attracted growing
concern over recent decades. Some previous studies reported the
individual toxic effects of CBZ and PRO on lipid metabolism [17,18],
the inflammatory response [18], the gut microbiome [22], develop-
ment [19] and reproduction in several different species. Zheng et al.
[14] reported the coresidual nature of CBZ and PRO in the
environment. However, the potential impact of combined CBZ
and PRO exposure on public health remains unclear.
In this study, we conducted untargeted metabolomics analysis to

Figure 4. Superclass and class enrichment of hepatic differentially abundant metabolites The superclass and class enrichment of hepatic
differentially abundant metabolites were done according to HMDB after 1 and 8 h of exposure to CBZ, PRO and Mix.
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determine the combined toxic effects of CBZ and PRO in the liver
after 1, 8 and 72 h of exposure. First, the sPLS-DA results showed
that the three treatment groups had significant separations from the
0 h group (Figure 1B). After 1 and 8 h of exposure, the CBZ, PRO and
Mix groups also had significant separation from the 0 h group
(Figure 2A,D). Meanwhile, the Mix-8 h group was significantly
separated from the individual treatment groups after 8 h of exposure
(Figure 2D).
According to the HMDB, most differentially abundant metabolites

were predominantly enriched in three classes: (1) fatty acyls, (2)
carboxylic acids and derivatives and (3) organooxygen compounds
(Figure 4). Our previous study demonstrated that individual CBZ
(100 and 500 μg/L) exposure for 27 days in mice disrupted hepatic
lipid metabolism, particularly by inducing hepatic lipid accumula-

tion [22]. Among the fatty acyls class, we observed that the levels of
12-KETE were markedly increased after CBZ, PRO and Mix
treatment (Supplementary Figure S3A). 12-KETE, a metabolite of
12-hydroperoxy-5,8,10,14-eicosatetraenoic acid (12-HPETE) [38],
is an electrophilic oxo-lipid that selectively inhibits lipoxygenase
activity [39] and activates human neutrophils [40]. In addition,
Dozsa et al. [41] demonstrated that 12-KETE acts as an endogenous
PPARγ ligand to regulate PPARγ signaling pathways. Our previous
study demonstrated that individual exposure to CBZ and PRO
induced hepatic PPARγ expression in mice and that combined
exposure markedly enhanced PPARγ expression [42]. Furthermore,
KEGG pathway enrichment results showed that the differentially
abundant metabolites were enriched in several distinct pathways
(Figure 5). For instance, some pathways were only enriched in CBZ-

Figure 5. KEGG pathway enrichment analysis of hepatic differentially abundant metabolites KEGG pathway enrichment analysis of hepatic
differentially abundant metabolites in the CBZ, PRO and Mix groups was performed at 1 and 8 h postexposure.
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treated groups, while others were unique to the PRO and Mix
groups. Additionally, phenylalanine, tyrosine and tryptophan
biosynthesis and linoleic acid metabolism with high impact were
only enriched in the Mix-8 h group (Figure 5). The phenylalanine,
tyrosine and tryptophan biosynthesis pathways were uniquely
enriched in the Mix-8 h group, where L-tyrosine levels were
significantly reduced (Figure 5 and Supplementary Figure S2D).
Untargeted metabolomic results showed that individual PRO
exposure affected abnormal hepatic amino acid levels in maternal
mice and offspring [43]. For the linoleic acid metabolism pathway,

the levels of linoleic acid and 13(S)-HPODE were significantly
decreased in the Mix-8 h groups compared with those in the 0 h
group (Supplementary Figure S2B). Some previous studies reported
the alteration of linoleic acids after short- or long-term exposure to
air pollution [44–46]. In addition, combined exposure to polystyr-
ene microplastics and tetracycline induced a higher impact on
linoleic acid metabolism pathway enrichment than individual
exposure in Oryzias melastigma [47]. In adipose and liver, linoleic
acid could evoke de-lipidation through the regulation of genes
controlling lipid metabolism [48]. 13(S)-HPODE is produced by the

Figure 6. sPLS-DA results after CBZ, PRO and Mix exposure (A,C,E) The sPLS-DA results after exposure to (A) CBZ, (C) PRO and (E) Mix at 1 and
8 h. (B,D,F) The metabolites with the top 5 scores of loadings 1 and 2 in the (B) CBZ, (D) PRO and (F) Mix groups by sPLS-DA at 1 and 8 h
postexposure.
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oxidation of linoleic acid by lipoxygenase [49]. Biosynthesis of
unsaturated fatty acids and the arachidonic acid metabolism
pathway were commonly enriched in the three treatment groups

after 1 and 8 h of exposure (Figure 5A). Arachidonic acid
metabolism is the pathway downstream of linoleic acid metabolism,
and arachidonic acid and its keto-metabolites (e.g., 12-KETE) may

Figure 7. Time course of hepatic differentially abundant metabolites (A,C,E) Venn diagram of (A) CBZ, (C) PRO and (E) Mix groups between 1
and 8 h of exposure. (B,D,F) The time-course curves of (B) CBZ, (D) PRO and (F) Mix groups. Black lines indicate the average expression change of
the differentially abundant metabolites in the cluster.
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act as endogenous ligands that activate PPARγ signaling [41,50].
Compared with individual exposure, combined exposure to CBZ
and PRO produced a greater number of hepatic differentially
abundant metabolites and revealed novel and mixture-specific
toxic effects in the liver. Linoleic acid is a highly susceptible
polyunsaturated fatty acid. Its dysregulation strongly suggests
increased vulnerability to lipid peroxidation, which compromises
oxidative stress and membrane integrity [51]. In addition, as a
precursor to arachidonic acid, the alteration of linoleic acid
metabolism and the arachidonic acid metabolism pathway sug-
gested a disturbance in inflammatory regulation [52,53]. Some
previous studies have also suggested that combined exposure to
pesticides can enhance toxicity. For instance, Wang et al. [27]
suggested that combined exposure to PRO and chlorothalonil in
mice impaired the integrity of intestinal barrier function and caused
glucolipid metabolism disorder in the liver. Moreover, combined
exposure to fenvalerate and tebuconazole induced more severe
inflammation and oxidative stress than individual exposure in the
liver of Japanese medaka [54]. Similarly, co-exposure to polystyr-
ene microplastics and cypermethrin disrupted gut microbial
composition and enhanced antibiotic resistance gene complexity
[55].
The sPLS-DA results revealed that the hepatic metabolite

component changed over time after treatment (Figure 7). Most
previous studies focused on a single timepoint after exposure and
reported only whether metabolites significantly increased or
decreased. A multiple timepoint transcriptomics study in the white
shrimp Litopenaeus vannamei after nonylphenol exposure showed
that differentially expressed genes clustered into 12 groups, such as
continuously increasing, continuously decreasing, V shaped and
inverted-V shaped patterns. [56]. In this study, distinct clusters of
differentially abundant metabolites in the liver were also observed
after 1 and 8 h of exposure (Figure 7). For the CBZ and Mix groups,
most differentially abundant metabolites were clustered and
showed continuously increasing and continuously decreasing
patterns (Figure 7C,E). In the PRO groups, most differentially
abundant metabolites showed inverted-V shaped and continuously
decreasing patterns (Figure 7D). Time-course analysis indicated
that hepatic differentially abundant metabolites after CBZ, PRO and
Mix exposure had several patterns.
Although CBZ and PRO residues were generally undetectable in

the liver at 72 h (unpublished data), these treatment groups showed
distinct metabolic profiles (Supplementary Figure S4), implying
persistent metabolic perturbations after short exposure. Overall,
short-term combined exposure to CBZ and PRO induced synergistic
metabolic disturbances in the liver. The Mix-8 h group exhibited the
greatest number of differentially abundant metabolites, which were
enriched primarily in fatty acyls and displayed unique high-impact
enriched pathways in linoleic acid metabolism and phenylalanine,
tyrosine and tryptophan biosynthesis. Time-course analysis showed
diverse patterns of altered metabolites rather than a simple
monotonic trend. These findings indicated that coexposure to CBZ
and PRO might amplify hepatic metabolic disruption and high-
lighted the need to evaluate mixture exposures in human and
ecological risk assessments.
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