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• Thirteen CPZ metabolites were identi
fied, including 2 newly identified 
metabolites.

• The structures and transformation 
pathways of CPZ metabolites in fish 
were deduced.

• The ecotoxicity of CPZ and its metabo
lites was estimated by toxicity 
prediction.

• CPZ exposure could cause metabolic 
disorder in the endogenous metabolome 
of fish.
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A B S T R A C T

Chlorpromazine (CPZ) is an abused sedative that is extensively metabolized in organisms. However, the meta
bolic pathway of CPZ in aquatic organisms is still unclear. In this study, CPZ metabolites was analyzed in grass 
carp exposed to CPZ in the raising water using ultrahigh-performance liquid chromatography coupled with 
quadrupole Orbitrap mass spectrometry (UHPLC-Q-Orbitrap MS). Thirteen CPZ metabolites were identified, 
including 11 previously reported and 2 newly identified metabolites (M9 and M13), and 5 known metabolites 
were confirmed using authentic standards. The molecular structures and transformation pathways of CPZ me
tabolites were putatively deduced, which mainly included oxygenation, demethylation, dechlorination and 
carboxylation reactions. Quantitative analysis of CPZ and its metabolites were also performed, and CPZ sulfoxide 
had a higher content as an important characteristic metabolite. In addition, in-silico toxicity prediction reminded 
that some metabolites possess ecotoxicity and developmental toxicities similar to, or even higher, than CPZ. 
Moreover, metabolomics results indicated that CPZ exposure could cause metabolic disorder in the endogenous 
metabolome of grass carp.

* Correspondence to: School of Chemistry & Chemical Engineering and Center of Materials Analysis, Nanjing University, 163 Xianlin Avenue, Nanjing 210023, 
China.
** Corresponding author.

E-mail addresses: hzlian@nju.edu.cn (H.-z. Lian), xcx70@163.com (C.-x. Xu). 

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

https://doi.org/10.1016/j.jhazmat.2025.137195
Received 3 October 2024; Received in revised form 2 January 2025; Accepted 11 January 2025  

Journal of Hazardous Materials 487 (2025) 137195 

Available online 12 January 2025 
0304-3894/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-1942-9248
https://orcid.org/0000-0003-1942-9248
mailto:hzlian@nju.edu.cn
mailto:xcx70@163.com
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2025.137195
https://doi.org/10.1016/j.jhazmat.2025.137195


1. Introduction

Aquatic products are one of the important food types, and the related 
food safety issues are closely related to human health. In aquaculture, 
drugs such as anesthetics and sedatives targeting the nervous system are 
often used to prevent damage during transportation apart from the cure 
of animal diseases, such as chlorpromazine (CPZ), azaperone, diazepam, 
estazolam, haloperidol, nitrazepam, oxazepam, and perphenazine [1]. 
However, excessive exposure or abuse of these drugs contaminates 
water and results in drug residues in aquatic species, which could affect 
fish health and quality of aquatic ecosystems. In addition, anesthetic and 
sedative residues in environmental waters have been reported to 
adversely affect fish and have been detected in fish [2–4]. These drugs 
will be transformed into various products with unknown toxicity under 
the action of environment, microorganisms, fish and other factors, some 
of which are still relatively toxic. The drug residues are likely to bio
accumulate through the food chain and are potentially dangerous to 
humans. Therefore, various countries and international organizations 
have prescribed strict restrictions for these drugs in edible fish. How
ever, the coverage of compounds in the targeted analysis method of the 
current commonly used liquid chromatography tandem mass spec
trometry (LC-MS/MS) is limited, ignoring the unknown risk compounds. 
To solve this problem, non-targeted screening methods are needed to 
comprehensively analyze the known and unknown compounds in fish.

CPZ as a sedative is a representative phenothiazine derivative for the 
treatment of psychiatric disease and is one of the four anti-psychiatric 
drugs on the basic medical list of the World Health Organization 
(WHO). CPZ is also a veterinary medicine used for sedation, hypnosis, 
anesthesia, antiemetic and weight gain. Furthermore, CPZ also reduces 
stress response in animals and decreases mortality during long-distance 
delivery [5]. However, the overdose of CPZ intake may cause kidney 
damage, liver damage, and cardiac injury in humans [6–8]. Therefore, 
the European Union prohibits the use of CPZ in edible animals [9], while 
Japan and China require that it should not be detected in foodstuffs of 
animal origin [10,11]. The official standard methods for specifically 
analyzing CPZ in fishery products based on LC-MS/MS were issued both 
in Japan [12] and China [13]. Nonetheless, CPZ residues are frequently 
detected in aquatic animals and/or in environmental waters [4]. Studies 
have found that CPZ has been detected in the Henares-Jarama-Tajo 
River (Madrid, Spain) [14], surface water and treated sewage (Lon
don, England) [15], psychiatric hospital wastewater (Beijing, China) 
[16], and wastewater from the University Hospital of the Federal Uni
versity of Santa Maria (Rio Grande do Sul, Brazil) [17] at concentrations 
ranging from 0.001 to 0.52 μg L− 1, and especially in aquatic in
vertebrates collected from streams in Melbourne, Australia [18], at 
approximately 50 µg kg− 1.

It is a remarkable fact that CPZ is extensively metabolized into a 
variety of metabolites in vivo. Theoretically there may be as many as 168 
human metabolites [19], and it can be converted into various degra
dation products under the influence of the environment [20,21]. Nish
imura et al. studied the metabolism of CPZ in rats and speculated that 
CPZ in rat plasma is mainly converted into CPZ sulfoxide (CPZSO), 
CPZ-N-oxide (NOCPZ), desmethyl CPZ (DMCPZ) and didesmethyl CPZ 
(DDMCPZ) [22]. Jiménez et al. explored the fate of CPZ in river water, 
and 16 degradation products of CPZ were detected [20]. Trautwein et al. 
investigated the degradation of CPZ under environmental conditions. 
They found a total of 61 abiotic and biotransformation products but only 
elucidated the molecular structures of 3 aerobic and 1 anaerobic 
biotransformation products, and found a total of 57 photolysis products 
but only elucidated the molecular structures of the main three photolysis 
products [21]. Most of the conversion products of CPZ retain the 
phenothiazine group, such as CPZSO, 7-hydroxychlorpromazine 
(7-HOCPZ), NOCPZ, DMCPZ and so on. It has also been reported that 
during the metabolism of CPZ in the human body, less than 1 % of the 
original CPZ drug and 20–70 % in the form of metabolites are excreted in 
urine, and 5–6 % are excreted in feces [23]. Very importantly, previous 

researches have shown that partial metabolites or degradation products 
of CPZ have longer residual periods and higher toxicity than the parent 
drug [20,24,25].

Aquatic species are affected by drug abuse and the residue in envi
ronmental waters. Although there are some reports on the metabolism of 
CPZ in the existing literature, they are mainly focused on humans and 
other animals such as rats, and are all relatively early studies. To the best 
of our knowledge, however, there have been no reports on the meta
bolism of CPZ in aquatic species so far. Therefore, it is necessary to carry 
out targeted and non-targeted drug metabolism studies in edible fish for 
CPZ, in order to screen and identify CPZ metabolites and elucidate the 
drug metabolic mechanism of CPZ in fish. Our laboratory has previously 
established a qualitative and quantitative method for CPZ and its four 
metabolites CPZSO, 7-HOCPZ, DMCPZ and promazine (PZ) in fish, pork, 
beef and mutton samples using ultrahigh-performance liquid chroma
tography coupled with quadrupole Orbitrap mass spectrometry 
(UHPLC-Q-Orbitrap MS) [26], however, the in-vivo metabolism of CPZ 
in these animal-derived foods was not investigated. The aim of this 
present work is to identify more metabolites in fish, elucidate the 
metabolic pathways of CPZ, conduct accurate quantitative and 
semi-quantitative analyzes of CPZ and its metabolites, find out the 
metabolic patterns, screen out representative metabolites. The toxicity 
risk of CPZ and its metabolites is preliminary estimated through toxicity 
prediction software. Additionally, non-targeted metabolomic analysis is 
performed to explore the effect of CPZ exposure on the metabolome of 
grass carp.

2. Materials and methods

The chemical, reagents and instrument conditions used in this work 
were provided in detail in the Supporting Information.

2.1. Animal experiments

Grass carp (Ctenopharyngodon idella) was selected as the experi
mental animal because it is a widely farmed food fish. This study com
plied with the Chinese legislation and was approved by the independent 
animal ethics committee of Nanjing University, and performed in 
accordance with the guidelines for care and use of Nanjing University. 
Fifty healthy grass carp (10 ± 1 cm, 15 ± 2 g, 3 months old) were 
purchased from Linghu freshwater fish production base (Huzhou, China) 
and were transported in four fish tanks (Long × Width × Height: 39 cm 
× 27 cm × 44 cm) in the micro-flowing water purification system with a 
photoperiod of 14 h/10 h (light/dark). The fish tank used a filter device 
to circulate water in and out, forming a self-circulation and continuous 
oxygenation. The filter device was a physical filter composed of gauze 
filter cotton, volcanic stone, medical stone, etc., in order to remove 
impurities and microorganisms in the water and protect the fish. Tap 
water exposed to the sun light for a day was used for fish farming to 
remove chlorine from the water. The fish feed was directly thrown into 
the water through the feeding hole, with feeding occurring once a day. 
Considering the safety issues of fish exposed to CPZ and the mass 
spectrometry signal response intensity of CPZ and its metabolites, and 
referring to the recommended dosages of other animals according to the 
medication instructions of CPZ hydrochloride injection (Jilin Huamu 
Animal Health Products Co., Ltd., Jilin, China), the CPZ exposure con
centration of 0.5 mg L− 1 was proposed. After feeding for 5 days, CPZ was 
added to the water at a concentration of 0.5 mg L− 1, and clean water was 
restored after 24 h. On the 1st, 2nd, 4th, and 7th day, two fish samples 
were selected from the drug treatment group and the control group 
respectively for metabolism research of CPZ. The skin surface of the fish 
was rinsed with phosphate buffer saline (PBS) buffer. Fish blood was 
collected by cutting tail after the fish was dazed by slapping its head. 
Serum was obtained by centrifugation of blood at 16,900 g for 10 min, 
and the liver and muscle tissues were quickly frozen in liquid nitrogen 
after dissection. All samples were stored at − 80 ◦C until analysis. After 
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the samples were thawed, a certain volume of serum samples was 
directly taken for further sample preparation. Liver samples were vor
texed, and muscle samples were homogenized with a blender, and then 
weighed separately for further sample preparation. In addition, six fish 
samples were selected in each of the two groups for metabolomic 
analysis of endogenous substances in fish muscle on the 4th day.

2.2. Sample preparation

For drug metabolism analysis, aliquots of 20 μL of mixed serum or 
40 mg of mixed liver or 100 mg of mixed muscle samples were thawed 
on ice, and 10 μL of internal standard solution CPZ-D6 at 100 μg L− 1 was 
mixed with samples. The mixture was vortexed for 30 s and then stood in 
the dark for 10 min. After being added acetonitrile saturated with n- 
hexane (1 mL for serum sample, 2 mL for liver sample and 5 mL for 
muscle sample), the sample was vortexed for 1 min, ultrasonically 
extracted for 10 min and then centrifuged at 16,900 g for 5 min. The 
supernatant was transferred into an appropriate volume centrifuge tube 
and was dried in a nitrogen blower. The residue was reconstituted with 
200 μL of acetonitrile, then vortexed for 30 s, and filtered through 0.22 
μm organic phase membrane filters for UHPLC-Q-Orbitrap MS analysis.

For metabolomic analysis of fish endogenous substances, 100 mg of 
fish muscle tissues were weighed into a 2 mL centrifuge tube, and 1 mL 
of pre-cooled methanol-acetonitrile-water (2:2:1, v/v) solution was 
mixed with the sample. The mixture was vortexed, ultrasonically 
extracted for 30 min, stood in − 20 ◦C for 10 min, and then centrifuged at 
14,000 g for 20 min. After the supernatant was vacuum-dried, it was 
reconstituted with 100 μL of water-acetonitrile (1:1, v/v), vortexed for 
1 min, and centrifuged at 14,000 g for 15 min, and the supernatant was 
used for analysis. A quality control (QC) sample was prepared by mixing 
aliquots of all the individual treated samples (10 μL).

2.3. Data analysis

For drug metabolism analysis, the following software was used: 
Xcalibur™ 3.1, Compound Discoverer 3.1 and Mass Frontier 7.0 
(Thermo Fisher Scientific, Waltham, MA, USA). The raw data were ac
quired and processed using Xcalibur™ 3.1, which was used for quali
tative and quantitative analysis of CPZ and its metabolites. The 
Compound Discoverer software was used for screening of metabolites of 
CPZ through the workflow of detection of expected metabolites of CPZ 
and non-targeted compounds. The workflow mainly included spectra 
alignment, compound detection, grouping, compound prediction, and 
database retrieval from mzCloud and ChemSpider, which was referred 
to our previous work [26]. Thermo Xcalibur Qual Browser and Mass 
Frontier 7.0 were used to predict the elemental composition of fragment 
ions and assist mass spectrometry fragmentation analysis.

For metabolomic analysis of fish endogenous substances, the raw 
data were converted to mzXML files using ProteoWizard MSConvert 
before importing into freely available XCMS software. XCMS software 
was used for peak detection, extraction, alignment, and integration from 
the raw data. Compound identification was performed by setting accu
rate mass error below 25 ppm, and MS/MS spectra were interpreted with 
an in-house database (Shanghai Applied Protein Technology) estab
lished with available authentic standards. Statistical data analysis was 
performed using R package models for t-test, principal component 
analysis (PCA) and orthogonal partial least squares discriminant anal
ysis (OPLS-DA). A variable importance in projection (VIP) score of 
OPLS-DA model and t-test were applied to rank the metabolites best 
distinguished between treated and control groups. The screening criteria 
for significantly differential metabolites were VIP > 1 and p value 
< 0.05. In cluster analysis, the response signal intensity of the differ
ential metabolites was normalized by subtracting the average signal 
intensity of all samples and then dividing by the root mean square. The 
pathway analysis in MetaboAnalyst 5.0 (https://www.metaboanalyst. 
ca/MetaboAnalyst/) was used to elucidate which metabolic pathways 

in fish were affected by CPZ exposure. The metabolic pathways with p 
values < 0.05 were selected as the main pathways through which CPZ 
affects the metabolism of endogenous substances in fish.

2.4. Toxicity prediction software

The in-silico prediction of drug toxicity was carried out by following 
free available tools: Ecological Structure-Activity Relationship (ECOSAR 
v1.11) to estimate ecotoxicity and Toxicity Estimation Software Tool 
(TEST) (v5.1.2) to predict ecotoxicity and developmental toxicities.

3. Results and discussion

3.1. Targeted and non-targeted metabolic analysis strategies of CPZ in 
grass carp

In this study, CPZ metabolites were systematically screened and 
identified in different tissues of grass carp using UHPLC-Q-Orbitrap MS, 
and accurate quantitative and semi-quantitative analyzes of CPZ and its 
metabolites were performed. We used serum, liver and muscle tissues of 
grass carp as research objects. The serum can provide a system-wide 
perspective on the presence of drug, the liver reveals the metabolic 
process of the drug, and the muscle, as an edible part, is the main object 
of food safety testing. The analytical strategy consisted of three main 
steps: (1) Serum, liver and muscle tissues were respectively collected 
from the treatment and control groups, and CPZ and its metabolites were 
extracted using corresponding sample preparation methods for subse
quent analysis. (2) Data-acquisition was performed in full scan mode at a 
resolution of 70,000. The ddMS2 mode was employed to obtain sec
ondary mass spectrometry (MS2) data. In ddMS2 mode, the precursor 
ions of the top 10 signals were selected and further fragmented into 
related fragment ions. (3) The raw data acquired was imported into 
Compound Discoverer and Qual Browser software to identify unknown 
metabolites and make predictions of expected compounds. In summary, 
the molecular structures of metabolites were elucidated based on the 
accurate mass, fragment ions, fragmentation patterns, mzCloud and 
ChemSpider databases, and literature reports. The isomers could not be 
accurately identified due to the same molecular formula and similar MS/ 
MS spectra. Therefore, the octanol-water partition coefficients (Log Kow) 
corresponding to different structural formulas were estimated by EPIS
uite KOWWIN v1.69 to provide a reference for the identification of 
isomers. Compound with higher Log Kow value generally indicates 
stronger hydrophobicity and longer retention time (tR) in reversed- 
phase liquid chromatography [27,28].

3.2. Metabolite identification of CPZ

In order to obtain a global view of the metabolite profile of CPZ in 
grass carp, the metabolites in serum, liver and muscle tissues were 
examined. The identification of CPZ metabolites was performed based 
on the above strategy. A total of 13 metabolites of CPZ was detected 
using the non-targeted screening strategy, of which 5 metabolites were 
confirmed by the targeted strategy using authentic standards. The 
extracted ion chromatograms of CPZ and its metabolites in liver tissue 
are exhibited in Fig. 1, and those in serum and muscle tissues in Fig. S1. 
The metabolites were generated mainly from the reactions such as 
oxygenation, demethylation, dechlorination and carboxylation re
actions, and 6, 13, and 13 compounds were detected in serum, liver and 
muscle samples, respectively. As a result, all 13 metabolites were 
identified, including 11 previously reported and 2 newly identified 
metabolites (M9 and M13), and 5 of the previously reported metabolites 
(CPZSO M1, 7-HOCPZ M2, NOCPZ M3, DMCPZ M7 and PZ M10) were 
confirmed using respective authentic standards. The detailed informa
tion of the metabolites is listed in Table 1. The mass spectra and the 
deduced molecular structure corresponding to fragment ions of CPZ 
metabolites are shown in Fig. S2, and MS2 information of fragmentation 
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ions is shown in Table S1. The following was a putative identification 
analysis and structural derivation of metabolites.

3.2.1. Fragmentation pathway of CPZ
The molecular structure and MS2 fragmentation mechanism of the 

metabolites is similar to that of the parent drug [29]. To facilitate the 
elucidation of the molecular structure of CPZ metabolites, the frag
mentation pattern of CPZ was investigated. The parent drug (M0) was 
eluted in liquid chromatography at 7.79 min and its quasi-molecular ion 
[M + H]+ by following mass spectrometry was m/z 319.1030 
(C17H19ClN2S) with a mass error of − 1.9 ppm. The fragmentation 
pathway of CPZ has been speculated in our previous work [26], as 
shown in Fig. S3. By observing the MS2 spectral data of CPZ combined 
with Qual Browser and Mass Frontier software, it was found that the 
parent successively lost N,N-dimethylpropylamine chain at the N posi
tion of the phenothiazine, and then underwent dechlorination and 
desulfuration, producing a series of characteristic fragment ions at m/z 
274.0452, 246.0139, 239.0763, 233.0060, 214.0418, 86.0964 and 
58.0651. Among them, m/z 246.0139, 86.0964 and 58.0651 fragment 
ions had higher abundance and were the required diagnostic fragment 
ions. They are also qualitative and quantitative ions used in the official 
standard methods using high-performance liquid chromatography tan
dem triple quadrupole mass spectrometry [30,31].

3.2.2. Multiple metabolites based on oxygenation reactions
Oxygenation is the common metabolic pathway for CPZ, mainly 

including the sulfoxide of sulfur, oxidation of nitrogen in tertiary amine 
group and hydroxylation of benzene ring. Metabolites M1, M2 and M3 
presented [M + H]+ ion at m/z 335.0979 with mass errors of − 2.7, − 2.1 
and − 3.0 ppm, respectively. The molecular formula of M1, M2 and M3 
was identified as C17H19ClN2OS, which was an oxygen atom (O, 16 Da) 
more than that of CPZ. They as isomers were respectively eluted at 6.22, 
6.98 and 7.81 min, and were identified by authentic standards as known 
targeted metabolites, corresponding to CPZSO (M1), 7-HOCPZ (M2) and 
NOCPZ (M3), respectively.

Metabolites M4, M5 and M6 presented [M + H]+ ion at m/z 
351.0929 with mass errors of − 2.6, − 3.4 and − 2.8 ppm, respectively. 
Their accurate mass was 32 Da (O2) more than that of CPZ, which had 
diagnostic fragment ions of CPZ such as m/z 86.0964 and 58.0651, and 
the molecular formula was identified as C17H19ClN2O2S. They as iso
mers were respectively eluted at 5.90, 6.41 and 6.66 min. M5 showed 
the distinctive fragment ion of m/z 102.0913 (C5H12NO+), which 
resulted from the oxidation of the nitrogen atom. Moreover, M5 also had 
fragment ions similar to CPZ and CPZSO, such as m/z 290.0401, 
273.0373, 255.0712, 233.0060, 231.9982. Therefore, M5 was puta
tively identified as the oxidation product with the reaction site at the 
sulfur atom or benzene ring and tertiary amine. Metabolites M4 and M6 
had fragment ions of m/z 306.0350 (C15H13ClNO2S+) and m/z 278.0037 
(C13H9ClNO2S+), respectively, indicating that the oxygenation reaction 
occurred on the phenothiazine structure, generating sulfoxide and 

Fig. 1. The extracted ion chromatograms of CPZ and its metabolites in liver 
tissue on the 1st day after withdrawal of treatment.

Table 1 
The detailed information for CPZ and its metabolites.

Compound Observed 
(m/z)

Theoretical 
(m/z)

Error 
(ppm)

tR 

(min)
Formula Composition 

Change
Transformations Log 

Kow

Reported 
(Reference)

CPZ (M0) 319.1024 319.1030 − 1.9 7.79 C17H19ClN2S / / 5.21 [20]
CPZSO (M1) 335.097 335.0979 − 2.7 6.22 C17H19ClN2OS + (O) Oxygenation 2.98 [20]
7-HOCPZ 
(M2)

335.0972 335.0979 − 2.1 6.98 C17H19ClN2OS + (O) Oxygenation 4.37 [22]

NOCPZ (M3) 335.0969 335.0979 − 3.0 7.81 C17H19ClN2OS + (O) Oxygenation 4.44 [20]
M4 351.092 351.0929 − 2.6 5.90 C17H19ClN2O2S + (O2) Oxygenation, Oxygenation 2.15 [33]
M5 351.0917 351.0929 − 3.4 6.41 C17H19ClN2O2S + (O2) Oxygenation, Oxygenation 2.21 [20]
M6 351.0919 351.0929 − 2.8 6.66 C17H19ClN2O2S + (O2) Oxygenation, Oxygenation 3.54 [33]

DMCPZ (M7) 305.0867 305.0874 − 2.3 7.68 C16H17ClN2S − (CH2) Demethylation 4.99 [22]
M8 321.0817 321.0823 − 1.9 6.18 C16H17ClN2OS − (CH2) + (O) Demethylation, Oxygenation 2.77 [35]
M9 337.0763 337.0772 − 2.7 6.56 C16H17ClN2O2S − (CH2) + (O2) Demethylation, Oxygenation, 

Oxygenation
1.94 Our work

PZ (M10) 285.1414 285.1420 − 2.1 7.27 C17H20N2S − (Cl) + (H) Reductive Dechlorination 4.56 [20]
M11 301.1361 301.1369 − 2.7 5.69 C17H20N2OS − (Cl) + (HO) Oxygenation, Reductive 

Dechlorination
2.34 [20]

M12 301.1365 301.1369 − 1.3 6.64 C17H20N2OS − (Cl) + (HO) Oxygenation, Reductive 
Dechlorination

3.73 [21]

M13 349.0763 349.0772 − 2.6 7.37 C17H17ClN2O2S − (H2) + (O2) Demethylation, Carboxylation 3.97 Our work
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hydroxyl functional groups. In combination of the structural informa
tion of the fragment ions and the chromatographic retention behavior 
judgment based on the Log Kow of the metabolites of different structural 
formulas, M4, M5 and M6 were tentatively identified as shown in Fig. 2, 
and the corresponding Log Kow values were 2.15, 2.21 and 3.54, 
respectively. Their mass spectra and the deduced molecular structure 
corresponding to fragment ions are shown in Fig. S2.

It was reported that degradation products (m/z 351.0929) were 
observed when exploring the photocatalytic and photolytic conversion 
of CPZ under aerobic conditions, but only the degradation pathway was 
discussed and its molecular structure was not analyzed [32]. Degrada
tion of CPZ via Fenton process has been reported, and the deduced 
products were generated only from hydroxylation of the parent drug 
[33]. In our previous degradation study of CPZ under different condi
tions, only one degradation product M5 was found [26]. Here, the 
double oxide identification of CPZ was further improved and supple
mented through in vivo metabolism study of CPZ in grass carp.

3.2.3. Multiple metabolites based on demethylation reactions
Metabolite M7 presented [M + H]+ ion at m/z 305.0874 

(C16H17ClN2S) with mass error of − 2.3 ppm. M7 was 14 Da (CH2) less 
than that of CPZ, and was eluted at 7.68 min, which had a diagnostic 
fragment ion of m/z 72.0808 (C4H10N+) for N-demethylation and mul
tiple fragment ions identical to CPZ such as m/z 274.0452, 246.0139, 
239.0763 and 214.0418. M7 was produced by N-demethylation of CPZ, 
which was also an oxidation pathway, and it was known targeted 
metabolite identified by authentic standard, corresponding to DMCPZ.

Metabolite M8 presented [M + H]+ ion at m/z 321.0823 with mass 
error of − 1.9 ppm and was eluted at 6.18 min. The molecular formula 
was predicted to be C16H17ClN2OS. Compared with M7, the change in 
element composition was the addition of one O, and it was speculated 
that M8 was produced by demethylation and oxygenation reactions. 
Based on the MS2 information, the deduced MS fragmentation 

mechanism of M8 is shown in Fig. S2. M8 had a diagnostic fragment ion 
of m/z 72.0808 (C4H10N+) for N-demethylation and multiple fragment 
ions identical to CPZ and the metabolite CPZSO as shown in Table S1. 
Since the parent CPZ is more likely to produce a functional group with a 
sulfoxide structure [34], the deduced structural formula of M8 was 
mainly from CPZ through sulfoxide of sulfur and N-demethylation. M8 
was one of the metabolites of CPZ in rat [35].

Metabolite M9 presented [M + H]+ ion at m/z 337.0772 with mass 
error of − 2.7 ppm and was eluted at 6.56 min. The molecular formula 
was predicted to be C16H17ClN2O2S. Compared with M8, the change in 
element composition was the addition of one O. From the mass spectrum 
of M9, it could be observed that there was a diagnostic fragment ion of 
m/z 72.0808 (C4H10N+) with high abundance of N-demethylation. In 
addition, the fragment ions of m/z 86.0968 and 58.0658 with lower 
abundance were observed, which mainly corresponded to the structure 
of tertiary amine, but contradicted with the actual structure of second
ary amine. Since the accurate masses of M9 and the isotopic peak (m/z 
337.0950) of CPZSO (m/z 335.0979) were close, and the baseline of 
CPZSO was higher in the chromatogram (Fig. 1) implying there were 
CPZSO residues at the same tR, it was speculated that m/z 86.0968 and 
58.0658 might be the mass spectrum interference caused by the frag
ment ions of the CPZSO isotope peak. Based on the MS2 information, the 
deduced molecular structure corresponding to the fragment ions of M9 is 
shown in Fig. S2. Due to the presence of fragment ion of m/z 278.0037 
(C13H9ClNO2S+), it indicated that the oxygenation site located on the 
phenothiazine structure, so the molecular structure was speculated to be 
as shown in Fig. 2. CPZ mainly underwent hydroxylation of benzene 
rings, sulfoxide of sulfur, and N-demethylation to convert to M9, which 
was one new CPZ metabolite identified for the first time.

3.2.4. Multiple metabolites based on dechlorination reactions
Metabolite M10 presented [M + H]+ ion at m/z 285.1420 with mass 

error of − 2.1 ppm and was eluted at 7.27 min. The molecular formula 

Fig. 2. The transformation pathways and possible structures of CPZ and its metabolites.
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was predicted to be C17H20N2S. Compared with CPZ, the change in 
element composition was the subtraction of one chlorine (Cl) and the 
addition of one hydrogen (H). M10 had diagnostic fragment ions of CPZ 
such as m/z 86.0964 and 58.0651, which was identified by authentic 
standard as known targeted metabolite, corresponding to PZ.

Metabolites M11 and M12 presented [M + H]+ ion at m/z 301.1369 
with mass errors of − 2.7 and − 1.3 ppm, respectively. Their accurate 
mass was 16 Da (O) more than that of PZ (M10), which had diagnostic 
fragment ions of CPZ such as m/z 86.0964 and 58.0651. Therefore, the 
molecular formula was identified as C17H20N2OS. They as isomers were 
respectively eluted at 5.69 and 6.64 min. M11 had fragment ions similar 
to PZ, such as m/z 199.0449 (C12H9NS•+) and 212.0517 (C13H10NS+). 
However, the position of the oxygenation could not be verified based 
only on its MS2 data. Metabolite M12 had fragment ion of m/z 196.0767 
(C13H10NO+), indicating that the oxygenation occurred on the pheno
thiazine structure, generating hydroxyl functional group. According to 
the chromatographic retention behavior judgment based on the Log Kow 
of different structural formulas, M11 and M12 were tentatively identi
fied, and their deduced molecular structures are shown in Fig. 2, and the 
Log Kow values of M11 and M12 were 2.34 and 3.30, respectively. 
Dechlorination reactions of CPZ have been reported also during Fenton 
process [33] and photodegradation process [20,21].

3.2.5. The metabolite based on carboxylation reaction
Metabolite M13 presented [M + H]+ ion at m/z 349.0772 with mass 

error of − 2.6 ppm and was eluted at 7.37 min. The molecular formula 
was predicted to be C17H17ClN2O2S. Compared with the parent CPZ, the 
change in element composition was the subtraction of two hydrogen 
atoms (H2) and the addition of two oxygen atoms (O2). The molecular 
structure of M13 screened out from the mzCloud database by the 
Compound Discoverer software is shown in the Fig. 2. M13 had a 
diagnostic fragment ion of m/z 72.0808 (C4H10N+) and multiple frag
ment ions identical to other metabolites such as m/z 321.0823, 
273.0373, 233.0060, 231.9982. Studies have reported that amino 
compounds may be susceptible to carboxylation by dissolved carbon 
dioxide, converting them to the corresponding carbamic acid de
rivatives, such as the secondary amine structure of the antidepressant 
drug sertraline that is metabolized to the carbamate acid [36]. There
fore, M13 was presumed to be produced by a carboxylation reaction of 
M7 after demethylation of CPZ, which was another newly identified 
metabolite, and the reaction process was reversible [37].

Since the toxicity of many CPZ metabolites is currently unknown, 
their residues in fish pose risks to consumer safety. Through the research 
of the metabolism of CPZ in grass carp, this work achieved the identi
fication of CPZ and its metabolites in complex matrices, which could 
provide an important reference for the study of the metabolic mecha
nism of CPZ.

3.3. Quantitative analysis of targeted analytes

This study explored the changes in the content levels of CPZ and its 
metabolites in different fish tissues (serum, liver and muscle) over time 
through quantitative analysis of CPZ and its metabolites in samples 
collected at different breeding times, including verification of the 
quantitative ability of CPZ and its metabolites in different samples, ac
curate quantitative analysis of CPZ and its four targeted metabolites, and 
semi-quantitative analysis of other identified CPZ metabolites.

The MS2 spectra of different samples were compared with those of 
standard solutions of CPZ and its four metabolites (CPZSO, 7-HOCPZ, 
DMCPZ and PZ). The results showed that the MS2 spectra of targeted 
analytes in the samples were in good agreement with those of their 
standard solutions. The isotope internal standard method was used to 
compensate for matrix effects and losses caused by sample preparation 
[38,39]. The calibration curves were established using eight concen
tration levels ranging from 0.2 to 200 μg L− 1 (0.2, 0.5, 1, 5, 10, 50, 100 
and 200 μg L− 1) with the isotopic internal standard solution CPZ-D6 at 

5 μg L− 1 for quantitative analysis of these five compounds in serum, 
liver and muscle tissues at the different time of keeping in clean water 
after exposure to CPZ. As shown in Table S2, the linearity was achieved 
for all targeted analytes with the correlation coefficients (R2) above 
0.9998. The recovery was validated for the targeted analytes in serum, 
liver and muscle samples as shown in Fig. S4. The spiking recoveries of 
the five compounds were in the range of 72.5 %-110.7 %. Reproduc
ibility was evaluated in triplicate by measuring the relative standard 
deviations (RSDs) of recoveries for spiked serum, liver and muscle 
samples, respectively, and RSDs were in the range of 2.5 %-11.3 %, 
which met the analysis requirements for trace drug residues in foodstuff.

The previous study had shown that CPZ is relatively stable in the 
absence of light but can be degraded under light conditions [20], among 
which CPZSO is both a metabolite and a photolysis product of CPZ. In 
order to be more in line with the actual situation, the actual lighting of a 
day was used. After the application of CPZ, the initial water samples 
were tested. At this time, the concentration of CPZ in water was 407.7 
± 11.3 μg L− 1, and the water contained a small amount of CPZSO with a 
concentration of 5.5 ± 0.1 μg L− 1. Water samples collected one day after 
the application of CPZ were tested and the concentration of CPZ was 0.6 
± 0.01 μg L− 1, while the concentration of CPZSO was 157.7 
± 3.7 μg L− 1. The degradation of CPZ in water was a continuous process, 
and fish were constantly exposed to the drug in this raising water. The 
quantitative analysis in this study mainly focused on the actual change 
trends of drug residues in different fish tissues, and the change trends of 
content levels of CPZ and its four metabolites in different tissues are 
presented in Fig. 3. The standard deviation of multiple measurements 
was used to express standard uncertainty (u) of the result [40,41].

The metabolism behaviors of the parent drug CPZ and its metabolites 
were similar in the different tissues with a high content on the 1st day 
after withdrawal of CPZ treatment, followed by a gradual decrease in 
concentrations over time. The bioconcentration factor (BCF) of a drug 
was estimated by dividing the content level in fish by that in the raising 
water [42]. The content level of CPZ in the raising water was a 
dynamically changing state. Here, it is assumed that the content level of 
CPZ in the raising water is 0.5 mg L− 1. The results showed that CPZ was 
accumulated significantly in the liver and muscle on the 1st day after 
withdrawal of treatment. The content levels of CPZ in the liver and 
muscle were 4.3 and 3.7 times that in the raising water respectively, 
while the concentration of CPZ in serum was relatively low with the BCF 
of 0.2. In addition, it could be inferred from the content levels of me
tabolites that a high proportion of the parent drug had undergone 
metabolic or degradative transformation. Among them, CPZSO was the 
most abundant metabolite in all the tissues, and its contents in serum, 
liver and muscle tissues were 4–14 times that of CPZ in corresponding 
tissues on the 1st day after withdrawal of treatment. On the 7th day after 
withdrawal of treatment, the parent drug was no longer detectable in the 
serum, while CPZSO still had a concentration of 53.2 ± 9.6 μg kg− 1. The 
contents of CPZSO in liver and muscle samples at this time were 8 and 56 
times that of the parent drug, respectively. It has been shown in the 
literature that CPZSO is one of the main metabolites of CPZ [34,35], and 
moreover, the content of CPZSO is the highest among its degradation 
products in our previous degradation study [26]. Therefore, it was 
concluded that CPZSO is an important characteristic metabolite of CPZ. 
In addition, for other targeted metabolites, 7-HOCPZ, DMCPZ and PZ 
were not detected in all serum samples. With the progress of meta
bolism, however, except for a small amount of 7-HOCPZ, DMCPZ and PZ 
in liver and muscle samples could not be detected on the 7th day after 
withdrawal of treatment.

At the same time, for other metabolites identified by non-targeted 
metabolism, semi-quantitative analysis was performed using the cali
bration curve of CPZ as a reference. The content levels in serum, liver 
and muscle samples are shown in Tables S3-S5. From the results, it could 
be found that most metabolites were further converted quickly or 
excreted from the body over time. The metabolites M6, M8 and M9 (the 
hydroxylation, sulfoxide and N-demethylation products of CPZ) should 
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be noticed, which were present at relatively high content levels and 
could still be detected on the 7th day after withdrawal of treatment. 
Among them, the concentrations of M6 in liver and muscle samples were 
91.2 ± 6.9 and 37.3 ± 4.4 μg kg− 1, respectively, even higher than those 
of the parent drug on the 7th day after withdrawal of treatment. 
Therefore, in addition to characteristic metabolite CPZSO, other me
tabolites with high content should also be paid attention to.

The liver is the main target organ for drug metabolism [43]. From the 
quantitative results, it could be seen that the metabolites contents of 
grass carp were highest in the liver tissues, but the contents were also 
relatively high in the muscle tissues. Therefore, CPZ metabolites in 
edible parts of fish might be a potential risk.

3.4. In-silico toxicity prediction

The toxicity of most CPZ metabolites is unknown and the experi
mental toxicological data of the metabolites are currently unavailable. 
In order to gain a preliminary understanding of their harmfulness, the 
toxicity of CPZ and its metabolites was estimated through two toxicity 
prediction software using different models [44]. ECOSAR is mainly 
based on factors such as structural similarity, toxic groups, and physi
cochemical properties to predict the toxicity of compounds [45]. ECO
SAR was used to predict the toxicity of CPZ and its metabolites, 
primarily based on log Kow and chemical structure with predictions 
obtained by classifying them as aliphatic amines. TEST predicts the 
toxicity of compounds by using quantitative structure activity relation
ships (QSARs) methodologies that are mathematical models used to 
predict toxicity measurements based on physical characteristics of the 
molecular structure of compounds [46]. In TEST, the consensus method 
for the prediction of ecotoxicity and developmental toxicities was 
adopted. Tables S6 and S7 present the predicted toxicity results of CPZ 
and its metabolites for different species by ECOSAR and TEST, 
respectively.

The log Kow value of CPZ was greater than those of the metabolites as 
listed in Table 1. The ECOSAR results showed that the overall toxicity of 
the metabolites was less than that of CPZ, while individual prediction 
values were close to CPZ, such as 7-HOCPZ, NOCPZ, DMCPZ and PZ. 
This toxicity is also consistent with the trends for drugs to be more easily 
converted into more polar and relatively lower toxic metabolites in vivo 
[47]. The previous study reported using the following toxicity levels to 
judge the acute and chronic toxicity of a substance for fish and Green 
algae: high-toxicity (x < 1 mg/L), moderate-toxicity (1 < x < 10 mg/L), 
low-toxicity (10 < x < 100 mg/L) and no-harmful (x > 100 mg/L) [48]. 
For fish, CPZ and DMCPZ were of high-toxicity. The metabolites from 
sulfoxide of sulfur such as CPZSO, M4, M5, M8, M9 and M11 were of 
low-toxicity, while the remaining metabolites were of 
moderate-toxicity. For Green algae, the toxicity levels of the metabolites 
were of high-toxicity or moderate-toxicity.

The TEST results showed that the toxicity of the metabolites of CPZ at 
the two species of Daphnia magna and Tetrahymena pyriformis was 
generally lower than that of CPZ, or the toxicity was similar. However, 
the toxicity results of the Fathead minnow showed that many of the 
metabolites were higher toxic than CPZ, such as CPZSO, NOCPZ, M5, M6 
and M13, especially NOCPZ and M6, which were 2.9 times and 1.9 times 
higher toxic than CPZ. For the predicted developmental toxicity, both 
CPZ and the metabolites had developmental toxicity. There has been 
report of using TEST to predict the toxicity of CPZ and its degradation 
products [20]. Since the version of TEST underwent continuous update 
and optimization, its functions and prediction accuracy have been 
greatly improving [49]. On the basis of chemical structure, the predic
tion results by QSARs method may differ numerically, but also indicate 
that the toxicity of some transformation products is similar to or higher 
than that of CPZ.

A study investigated the ecotoxicological effects of CPZ on fresh
water goldfish (Carassius auratus) using the toxic culture experiment, 
and the median lethal concentration (LC50) of CPZ for goldfish in 24, 48 
and 96 h was 1.11, 0.43 and 0.32 mg L− 1, respectively, which was likely 
to cause liver damage [50]. The results showed that the experimental 
results were consistent with the predicted results of this study regarding 
the toxicity of CPZ exposure to fish. Studies have found that CPZ and its 
metabolites are photomutagenic under light conditions, and the deme
thylation products can cause extensive DNA photodamage that is diffi
cult to repair by cells [24]. In existing toxicological studies, there are a 
few toxicological data for CPZ and its metabolites. For example, the 
median lethal dose (LD50) of CPZ, CPZSO and 7-HOCPZ for mouse or rat 
via intraperitoneal administration was 58, 163 and 119 mg kg− 1, 
respectively. PZ itself can be used as a phenothiazine drug, similar to 
CPZ, and will affect endocrine function, increase sensitivity to sunlight, 
and cause hemolytic anemia (sourced from PubChem, https://pubchem. 

Fig. 3. The content trends of targeted analytes in different tissues. a: serum, b: 
liver, c: muscle.
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ncbi.nlm.nih.gov/). Although toxicological data for some metabolites 
are lacking, CPZ belongs to the phenothiazine class of drugs, and its 
metabolites retain the basic structure of phenothiazine, and most of 
these metabolites exhibit similar activity, suggesting that the toxico
logical mechanisms may be similar [51]. The in-silico predicted eco
toxicity and developmental toxicities also confirmed the adverse toxic 
effects of the previously reported metabolites to a certain extent. 
Nevertheless, it must be pointed out that the toxicity of more metabo
lites has not yet been evaluated and verified by experimental outcome. 
The toxicity predicted is only for reference, and subsequent research is 
still needed to supplement the actual toxic data.

3.5. Effect of CPZ exposure on the metabolome of grass carp

Metabolomics is a promising tool for assessing the health of aquatic 
organisms [52]. Muscle is a metabolically active tissue that plays an 
important role in energy balance and metabolism. In this study, 
non-targeted metabolomic analysis of endogenous substances in grass 
carp was conducted using muscle as the exemplary tissue to explore the 
effect of CPZ exposure on the metabolome of grass carp. Data from both 
positive and negative ion modes were collected to improve the metab
olite coverage. PCA score plots of the QC sample and all experimental 
samples were used to observe the overall distribution of samples, as well 
as the stability of the entire analytical process, as shown in Fig. S5. The 
tightly clustered QC samples indicated the stability of detection and the 

high reproducibility of the acquired data. Compound identification was 
performed by an in-house database established with available authentic 
standards. A total of 1125 metabolites were identified, including 502 
metabolites in the positive ion mode and 623 metabolites in the negative 
ion mode. Based on the classification information of metabolites, a 
statistical map of annotated endogenous metabolites was drawn, as 
shown in Fig. S6.

Statistical data analysis with t-test, PCA, and OPLS-DA was per
formed for the treatment and control groups. PCA was used as an un
supervised approach to visualize the segregation of metabolites between 
the two groups. As shown in Fig. 4, the model parameters of PCA were as 
follows: R²X = 0.541 in positive ion mode and 0.637 in negative ion 
mode, where R²X represents the model explanation rate. The PCA score 
plots showed that the metabolic profiles were clearly separated, indi
cating the different metabolic profiles between groups. OPLS-DA was 
used as a supervised approach to visualize the segregation of metabolites 
between the two groups, as shown in Fig. 4. The model parameters of 
OPLS-DA were as follows: R2Y = 0.995 in positive ion mode and 0.996 in 
negative ion mode; Q2 = 0.575 in positive ion mode and 0.516 in 
negative ion mode, where R²Y and Q2 represent the robustness of the 
model. The results of OPLS-DA showed that R2Y was close to 1 between 
treatment and control groups, and Q2 > 0.5, suggesting that the model 
can be used to screen metabolites. The OPLS-DA model was used for 200 
response sequencing tests, showing that the prediction effect of this 
model is good without over-fitting. Screening for significant differential 

Fig. 4. PCA and OPLS-DA score plots based on CPZ treatment and the control groups in positive and negative ion modes. t[1], t[2], to[1] represent different principal 
components respectively.
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metabolites was performed using VIP value (VIP > 1) of OPLS-DA and p 
value (p < 0.05) of t-test. In the positive and negative ion modes, 26 and 
23 significant differential metabolites were screened respectively, as 
shown in Tables S8 and S9. Cluster analysis was performed on the 
significantly differential metabolites, and the heat maps in positive and 
negative ion modes are shown in Fig. S7.

We found by direct observation that fish exhibited anxiety-like 
behavior including high speed and abnormal swimming after exposure 
to CPZ at administration dosage. To explore the potential metabolic 
pathways disordered by CPZ exposure on fish, significant differential 
metabolites were subjected to metabolic pathway enrichment analysis 
using the KEGG database. As shown in Fig. S8 and Table S10, nine 
significantly differential metabolic pathways (p < 0.05) were found, 
including the Pantothenate and CoA biosynthesis, Arginine biosynthesis, 
Histidine metabolism, Nitrogen metabolism, Pyruvate metabolism, 
Alanine, aspartate and glutamate metabolism, Phenylalanine meta
bolism, Glyoxylate and dicarboxylate metabolism, and Phenylalanine, 
tyrosine and tryptophan biosynthesis. Five out of nine metabolic path
ways showed alterations in amino acid metabolism. Some matched 
metabolites in the metabolic pathways have been found. Aspartic acid, 
glutamic acid and glutamine showed an up-regulation trend, which was 
related to multiple significantly differential metabolic pathways, such as 
Alanine, aspartate and glutamate metabolism, Arginine biosynthesis and 
Nitrogen metabolism. The studies with mammals and fish indicated that 
glutamate, aspartate, and glutamine are the important energy substrates 
for their small intestine [53]. Glutamate and aspartate are excitatory 
neurotransmitters, and their upregulation would associate with the 
excitatory behavior of the fish [54]. Valine is a branched chain amino 
acid that accounts for one-third of the branched amino acids absorbed in 
muscles and is responsible for strengthening and replenishing muscle 
tissue. The significant upregulation of valine levels detected in this study 
might be related to abnormal movement of fish [55]. The study has 
shown that sedative drug can cause zebrafish eleuthero-embryos to 
become hyperactive [56]. The KEGG pathway was indicative of meta
bolic disorder in the endogenous metabolome of grass carp, which was a 
toxic mechanism.

4. Conclusions

This work mainly elucidated the drug metabolic mechanism of CPZ 
in fish based on reliable targeted and non-targeted screening methods 
using high resolution mass spectrometry. Thirteen CPZ metabolites were 
identified, including 11 previously reported and 2 newly identified 
metabolites (M9 and M13), and 5 of the previously reported metabolites 
were confirmed using authentic standards. The findings revealed that 
the metabolism of CPZ mainly involved oxygenation, demethylation, 
dechlorination, and carboxylation reactions, among which oxygenation 
was the main metabolic pathway. Accurate quantitative analysis of CPZ 
and its known targeted metabolites indicated that the concentrations of 
CPZSO in different tissues were higher than that of CPZ, and it was an 
important representative metabolite of CPZ. Toxicity prediction results 
showed that the ecotoxicity of some metabolites was similar to or even 
higher than that of CPZ, and they all had developmental toxicity. 
Metabolomic analysis showed that CPZ exposure could cause metabolic 
disorder in the endogenous metabolome of grass carp. This study made 
up for the lack of research on the metabolic transformation of CPZ in 
aquatic animals and provided a reference for the risk assessment of CPZ 
in the aquaculture as well as environment.

Environmental implication

CPZ residues are frequently detected in aquatic animals and in 
environmental waters, transforming into various unknown toxic prod
ucts due to environmental and biological factors. These residues can 
bioaccumulate through the food chain, posing risks to humans. How
ever, there have been no reports on the in-vivo metabolism of CPZ in 

aquatic species so far. This study made up for the lack of research on the 
metabolic transformation of CPZ in aquatic animals and provided a 
reference for the risk assessment of CPZ in the aquaculture as well as 
environment.
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