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Environmental Chemical Exposomics and Metabolomics in
Toxicology: The Latest Updates
Minjian Chen 1,2

1 State Key Laboratory of Reproductive Medicine and Offspring Health, Center for Global Health,
School of Public Health, Nanjing Medical University, Nanjing 211166, China; minjianchen@njmu.edu.cn
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1. Introduction

This Editorial introduces the Special Issue titled “State-of-the-Art Environmental
Chemical Exposomics and Metabolomics”. Due to the complexity and variability of human
exposures, there is increasing interest in exploring the relationship between environmental
exposures and human health from a more comprehensive perspective. This interest has
spurred the development of the concept of chemical exposomes, which aims to thoroughly
evaluate chemical exposures and their associated risks [1]. Metabolomics, which focuses
on the high-throughput detection of endogenous chemicals, systematically identifies small
molecule substrates, intermediates, and products of cellular metabolism, which are consid-
ered to be closest to the phenotype and provide important information for understanding
physiological and pathological processes, making it highly significant in toxicology [2].
By integrating environmental chemical exposomics with metabolomics, researchers can
gain valuable information for identifying key chemicals that lead to adverse outcomes and
their toxic metabolic signatures, thereby clarifying the potentially harmful effects of these
chemical exposures and the underlying mechanisms involved.

This Special Issue contains 13 articles—12 research papers and 1 review. The research
papers focus on developing new methods for detecting specific chemical exposomes, ex-
ploring new aspects of exposome-related toxicity, applying metabolomics, and integrating
metabolic information with exposomics and other omics across different biological lay-
ers in toxicology. The review article focuses on a neurotoxicity-related system linked to
metabolism targeted by multiple chemicals. These articles advance our understanding of
environmental chemical exposomes and metabolomics within toxicology.

2. An Overview of Published Articles

Detecting chemicals related to the exposome involves the development of new meth-
ods, which is both necessary and challenging. Mycotoxins, secondary metabolites produced
by molds and fungi, are a major concern due to their potential contamination of agricultural
products and various foods. These toxins pose risks to human health and livestock and
are an integral part of the exposome. For external exposure, Ning et al. (contribution 1)
introduced a novel, convenient, and sensitive quantitative method for detecting trace levels
of seven type B trichothecene mycotoxins in preprocessed whole-grain foods. This method
was applied to 160 food samples from China, revealing mycotoxin contamination in 70% of
the samples, with whole-wheat dumpling wrappers exhibiting the highest contamination
rate, posing a significant health threat. For internal exposure, Ning et al. (contribution 2)
developed a highly sensitive and comprehensive analytical method for quantifying 67 my-
cotoxins in human plasma using mass spectrometry. This method identified 40 mycotoxins,
including 24 emerging ones, in 184 plasma samples from both infertile and healthy males.
Notably, infertile males had significantly higher levels of multiple mycotoxins, especially
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ochratoxins A and B and citrinin; this highlights the need for further research investigating
the link between mycotoxins and male infertility.

This Special Issue presents four articles addressing novel exposures within the chem-
ical exposome—two focus on nanomaterials, while the other two concentrate on mi-
cro/nanoplastics. These studies employed metabolomics and integrated information
from other omics and biological layers, such as transcriptomics, to provide new insights
into the pulmonary and reproductive toxicities associated with these materials. Liu
et al. (contribution 3) examined the effects of polyvinyl chloride microplastics (PVC-MPs)
on human lung cells, finding that PVC-MPs reduced BEAS-2B cell viability. Bioinfor-
matics analysis, through analyzing the changes in the metabolome and transcriptome,
showed that PVC-MPs disrupted lipid metabolic pathways including glycerophospholipid
metabolism, glycerolipid metabolism, and sphingolipid metabolism, affecting 530 genes
and 3768 metabolites. Yao et al. (contribution 4) reported the cytotoxicity of tungsten
ions in BEAS-2B cells, including chromatin condensation and organelle damage; however,
they noted that the ion chelator EDTA-2Na reduced these effects, suggesting potential
therapeutic strategies. Lv et al. (contribution 5) investigated the embryotoxic effects of
polystyrene nanoplastics (PS-NPs) in mice and human trophoblastic cells, finding that
30 nm PS-NPs caused abnormal embryonic development, a reduced placental weight, and
altered the p38 MAPK pathway. PS-NPs also impaired HTR-8/SVneo cell vitality and
migration. Li et al. (contribution 6) assessed the impact of titanium dioxide nanoparticles
(TiO2 NPs) on pregnant rats and their offspring. The authors found maternal preeclampsia-
like symptoms, fetal growth restriction, and impaired trophoblastic cell invasion into the
endometrium due to autophagy. Another significant component of the chemical exposome
featured in this Special Issue is cigarette smoke. Exosomes are natural carriers secreted by
cells to transport a diverse range of cargo, including numerous biological molecules such as
proteins, nucleic acids, and metabolites, between different cells. Liang et al. (contribution 7)
explored the effects of cigarette smoke, revealing that smoke extract enhanced stemness and
epithelial-to-mesenchymal transition (EMT) in gastric cancer cells, finding that exosomal
circ0000670 promoted gastric cancer development via the Wnt/β-catenin pathway.

Metabolomics and changes in endogenous metabolites provide insights that are close
to pathological states. Therefore, focusing on metabolite information, their regulation,
and effects is an effective way to study disease biomarkers, pathogenesis, and chemical
toxicities. Xu et al. (contribution 8) reported the metabolomic characteristics of papillary
thyroid cancer (PTC) by analyzing serum and tissue between patients with and without
lymph node metastasis using UPLC-Q-Exactive mass spectrometry, offering new perspec-
tives on diagnosing and treating PTC. This Special Issue includes studies on the toxicity
mechanisms related to endogenous metabolites, integrating metabolome data with ex-
posome, transcriptome, and microbiome information, focusing primarily on amino acid,
lipid, and nucleotide acid metabolism. Zhou et al. (contribution 9) examined the metabolic
toxicity of molybdate at human-relevant exposure levels using an integration of induc-
tively coupled plasma–mass spectrometry (ICP-MS)-based elementomics (element part
of exposomics) and UPLC-Q-Exactive mass spectrometry-based metabolomics. The re-
search reported that molybdate disrupted amino acid and lipid metabolism, potentially
through altered cadmium levels, supported by human evidence. Zhang et al. (contri-
bution 10) investigated diquat (DQ)-induced kidney damage using multi-omics analysis
including transcriptomic, proteomic, and metabolomic analyses in a mouse model. They
identified 869 genes, 351 proteins, and 96 metabolites affected by DQ treatment and found
that DQ-induced kidney damage involved the dysregulation of the PPAR pathway and
elevated Hmgcs2 expression and 3-hydroxybutyric acid levels. Liu et al. (contribution
11) investigated the neurodevelopmental toxicity of bisphenol A (BPA) in zebrafish larvae
during their early development. BPA exposure from the cleavage to the segmentation
stages significantly impaired the larvae’s spontaneous movement. Transcriptomic analysis
revealed 131 differentially expressed genes, and further examination showed that guanine
deaminase mRNA levels and enzyme activity were notably decreased in BPA-exposed lar-
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vae. Guanine deaminase, which catalyzes the conversion of metabolite guanine to xanthine,
is essential for degrading guanine-containing nucleotides. The researchers restored guanine
deaminase levels through microinjection, which improved locomotor activity, suggesting
that guanine deaminase may be a key target for BPA toxicity. Wu et al. (contribution
12) investigated metabolome and gut microbiome changes associated with acute myeloid
leukemia (AML) in humans and mice, finding that the Carnosine–Histidine metabolic
pathway may be crucial in AML progression, with gut microbiota like Peptococcaceae and
Campylobacteraceae potentially being involved. The antioxidant system components are
integral to metabolic processes; thus, studying how chemicals impact these systems con-
nects chemical exposure with metabolism and disease. In this Special Issue, Xu et al.
(contribution 13) provide a comprehensive overview of current toxicology research. They
report that exposure to various chemicals, including morphine, metals, and methylglyoxal,
disrupts the homeostasis of the thioredoxin system—which comprises NADPH, oxidore-
ductase thioredoxin, and thioredoxin reductase—leading to neurological injury. Conversely,
resveratrol and lysergic acid sulfide have been found to alleviate chemical-induced nerve
damage. The authors also discuss the underlying mechanisms, offering a foundational
reference for future studies on the complex relationship between the thioredoxin system
and chemical-induced nerve injury.

3. Conclusions

Continuously improving chemical exposome evaluation methods, including devel-
oping detection methods for individual internal and external exposures to emerging pol-
lutants, continuously improving metabolomics research in detection methods, research
technologies and integration with other omics, and continuously conducting database
construction and data mining of exposome and metabolome based on big data and ar-
tificial intelligence are research directions of environmental chemical exposomics and
metabolomics that need to be carried out in depth. The articles in this Special Issue offer
new perspectives on environmental chemical exposome and metabolome research in toxi-
cology, including advancements in detection method development, toxicity, and metabolic
mechanism exploration, which enhances our understanding in this field and serves as a
foundation for future research and policy making.
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Restricted-Access Media Column Switching Online Solid-Phase
Extraction UHPLC–MS/MS for the Determination of Seven
Type B Trichothecenes in Whole-Grain Preprocessed Foods and
Human Exposure Risk Assessment
Xiao Ning 1,2, Yongli Ye 1, Jian Ji 1 , Yanchun Hui 3, Jingyun Li 2, Po Chen 2, Shaoming Jin 2 , Tongtong Liu 2,
Yinzhi Zhang 1, Jin Cao 2,* and Xiulan Sun 1,*
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Center of Food Safety and Quality Control, Jiangnan University, Wuxi 214122, China;
nx200730079@163.com (X.N.); yyly0222@163.com (Y.Y.); jijian@jiangnan.edu.cn (J.J.);
yinzhizhang@jiangnan.edu.cn (Y.Z.)
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Control, Beijing 100050, China; lijingyun@nifdc.org.cn (J.L.)
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Abstract: With increasing health awareness and the accelerating pace of life, whole-grain prepared
foods have gained popularity due to their health benefits and convenience. However, the poten-
tial risk of type B trichothecene toxins has also increased, and these mycotoxins in such foods
are rarely regulated. In this study, a quantitative method combining a single-valve dual-column
automatic online solid-phase extraction system with ultra-high-performance liquid chromatography–
tandem mass spectrometry (UHPLC–MS/MS) was developed for the first time using restricted-access
media columns. This method can simultaneously determine trace residues of seven type B tri-
chothecenes within 15 min. The method is convenient, sensitive (limit of detection and quantification
of 0.05–0.6 µg/kg and 0.15–2 µg/kg, respectively), accurate (recovery rates of 90.3%–106.6%, relative
standard deviation < 4.3%), and robust (>1000 times). The established method was applied to 160 pre-
pared food samples of eight categories sold in China. At least one toxin was detected in 70% of the
samples. Whole-wheat dumpling wrappers had the highest contamination rate (95%) and the highest
total content of type B trichothecenes in a single sample (2077.3 µg/kg). Exposure risk assessment
indicated that the contamination of whole-grain prepared foods has been underestimated. The total
health risk index of whole-wheat dumpling wrappers, which are susceptible to deoxynivalenol,
reached 136.41%, posing a significant threat to human health. Effective measures urgently need to be
taken to control this risk.

Keywords: trichothecene mycotoxin; UHPLC–MS/MS; prepared food; whole-wheat dumpling
wrappers

1. Introduction

Whole-grain prepared foods have gained widespread popularity due to their numer-
ous health benefits, convenience, and diversity. However, whole-grain foods are usually
less processed, they are more susceptible to fungal contamination, particularly by type
B trichothecene toxins, represented by deoxynivalenol (DON). In 2020, European Food
Safety Authority (EFSA) and in 2021, World Health Organization (WHO) both highlighted
concerns about the presence of DON in cereals, especially noting whole-grain foods as
significant sources of DON exposure. These reports emphasize the need for monitoring
and managing the risk of fungal contamination in these food products to ensure consumer

Toxics 2024, 12, 336. https://doi.org/10.3390/toxics12050336 https://www.mdpi.com/journal/toxics5
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safety [1,2]. Although some countries have implemented regulations for DON, other known
co–contaminating modified and emerging toxins have received little attention. In recent
years, some studies have reported the individual toxicity of these derivatives, such as DON
glycosylated (deoxynivalenol 3-glucuronide, D3G) or acetylated (3-acetyldeoxynivalenol,
(3AcDON) and 15-acetyldeoxynivalenol (15AcDON)) derivatives, as well as their syner-
gistic toxic effects with emerging toxins such as nivalenol (NIV). To date, comprehensive
information on the composition and concentration of mycotoxins in prepared foods is
very limited, highlighting the urgency of comprehensive monitoring and adequate risk
assessment of mycotoxin contamination in these foods.

Liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis is the most
powerful alternative analytical method for mycotoxins with different physicochemical
properties, enabling sensitive, fast, and reliable multi–target analysis in food matrices [3,4].
However, the complex food matrix makes it crucial to perform sample pretreatment steps
to pre–concentrate the target compounds and reduce matrix effects. Solid–phase extraction
(SPE) is a popular method for preparing complex samples [5]. Compared with traditional
offline SPE, online SPE coupled with UHPLC–MS/MS contributes to the automation of
the analytical process. To our knowledge, the currently reported SPE–LC–MS methods
for simultaneous analysis of multiple trichothecenes are all offline modes, which are
cumbersome, time–consuming, and labor–intensive, especially when dealing with a large
number of samples [6]. Therefore, establishing an automated online SPE–UHPLC–MS/MS
method will significantly improve the efficiency of analysis, reduce solvent consumption,
and minimize environmental pollution. Unfortunately, due to the ease of SPE column
clogging caused by macromolecules such as proteins in the samples, this robustness defect
severely hinders the large–scale application of online automated mode to food samples [7].
Restricted access media (RAM) provides an effective approach to address this limitation.
The chromatographic column packing simultaneously bonds hydrophilic groups with steric
hindrance and hydrophobic groups for retention. Through two separation principles, it
effectively prevents large molecules (such as proteins) from entering the adsorbent and
causing analyte retention. To date, RAM chromatographic columns have not been applied
to trace analysis of mycotoxins in food.

This study proposed an automated online SPE–UHPLC–MS/MS method using RAM
columns for the simultaneous quantitative analysis of seven type B trichothecenes in whole-
grain prepared foods. The method was validated in three sample matrices, including instant
brown rice, oatmeal, and whole–wheat flour products, and the results met the acceptable
criteria specified in European Commission Decision (EC) No. 2002/657/EC [8]. The pro-
posed method is not only sensitive, accurate, and easy to operate but also successfully
applied to analyze 160 actual samples collected from the Chinese market, covering eight dif-
ferent categories, including brown rice, whole-grain infant rice flour, oatmeal, instant oats,
oatmeal cookies, whole–wheat bread, whole–wheat noodles, and whole–wheat dumpling
wrappers. Finally, the exposure risk of these prepared foods susceptible to mycotoxin
contamination was assessed by calculating the hazard quotient (HQ) and hazard index (HI).
This is the first study on the analysis of trichothecenes and human exposure risk assessment
in whole-grain–based prepared foods, providing a powerful tool and valuable reference for
protecting consumers from the potential health risks of mycotoxin contamination.

2. Materials and Methods
2.1. Chemicals and Reagents

Acetonitrile (ACN), mass spectrometry grade, was purchased from Anple Laboratory
Technologies Co., Ltd. (Shanghai, China); acetic acid (HAc), chromatographic grade, was
provided by J&K Scientific Ltd., (Beijing, China); water was ultrapure water prepared by
MilliQ. Seven standard solutions, each at a concentration of 100 µg/mL, were obtained from
Romer Labs (Tulln, Austria), including DON, 3AcDON, 15AcDON, D3G, NIV, fusarenon-X
(FusX), and de-epoxy-deoxynivalenol (DOM-1). Additionally, 180 whole-grain prepared
food samples were purchased from the Chinese market. All chromatographic measure-
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ments were performed on a NASCA II UHPLC system (OSAKA SODA, Osaka, Japan),
which consists of a NASCA II all-in-one machine (including a degasser, dual pumps, an
autosampler, and a heating kit). Additionally, an external F3012 six–port valve, an F3202
degasser, and an F3301 dual pump form a two-dimensional liquid chromatography system
connected to a QTRAP 5500 triple quadrupole-linear ion trap mass spectrometer (AB SCIEX,
Toronto, SD, Canada). AB SCIEX Analyst chromatography software (1.5 version) was used
for data acquisition and analysis. The pretreatment solid–phase extraction was carried out
using a CAPCELL PAK MF C8 SG80 chromatographic column (5 µm, 150 mm × 2 mm,
OSAKA SODA, Japan) with a pressure limit of 20 MPa. A CAPCELL PAK C18 MGII (2 µm,
100 mm × 2 mm) analytical column (OSAKA SODA, Japan) was used for chromatographic
separation; a balance (METTLER TOLEDO, Greifensee, Switzerland); Fungilab ultrasonic
device (FUNGILAB, Madrid, Spain); and Milli–Q UltrapUre Ion–Ex–TM ultrapure water
system (MILLIPORE, St. Louis, MO, USA) were also used.

2.2. Preparation of Standard Solutions

The selection of concentrations for the mycotoxin standard solutions was based on
their sensitivity to the instrument and their co-stability in the standard solutions. The
mixed standard solution contained 2 µg/mL of 3AcDON, FusX, and NIV; 4 µg/mL of
DON and DOM-1; 0.4 µg/mL of D3G; and 8 µg/mL of 15AcDON. All solutions were
prepared in acetonitrile, stored in the dark at –20 ◦C, and diluted with the initial solvent for
SPE–UHPLC–MS/MS analysis.

2.3. Online SPE–LC–MS/MS Method
2.3.1. Mass Spectrometry Conditions

The ion source was a Turbo–V electrospray ion source, operating in negative ion mode
with a spray voltage of –2400 V, ion source temperature of 350 ◦C, spray gas (GAS1) at
25 psi, drying gas (GAS2) at 25 psi, and curtain gas at 40 psi. Multiple reaction monitoring
(MRM) mode was used to monitor the analytes, with an entrance potential (EP) of –10 V,
collision cell exits potential (CXP) of –15 V, and declustering potential (DP) of –100 V. The
m/z values of the precursor and product ions for each substance, as well as the collision
energy (CE) parameters in multiple reaction monitoring (MRM) mode, are shown in Table 1.

Table 1. Analytical parameters for the determination of 7 B type trichothecenes in ESI (–) using the
UPLC–MS/MS method.

Analytes Adduct Retention Time
(min) m/z Precursor

Ion
Collision

Energy (V) Product Ion Collision
Energy (V)

DON [M+CH3COO]− 7.43 355.1 295.1 −14 59.2 −50
D3G [M+CH3COO]− 7.25 517.1 427.1 −30 457.1 −20
DOM [M+CH3COO]− 8.34 339.1 249.1 −15 59.1 −50
FusX [M+CH3COO]− 8.60 413.3 262.9 −22 59.1 −50
NIV [M+CH3COO]− 6.40 371.1 281.1 −30 59.0 −46

3AcDON [M+CH3COO]− 10.46 397.3 337.1 −13 307.2 −40
15AcDON [M+CH3COO]− 10.33 397.3 59.0 −40 337.1 −9

2.3.2. Liquid Chromatography Analysis

The principle of the online SPE–LC–MS/MS method is shown in Figure 1a, and the
gradient distribution of the two pumps and the corresponding positions of the six-port
valve is shown in Table 2. At a low proportion of the organic phase, from 0 to 1.3 min,
large molecular compounds such as proteins, fats, and starches that may be present in the
sample are eluted, and the target substances are retained. At this time, the two-dimensional
system balances the analytical column (column 2) through pump 2. From 1.3 to 11.1 min,
after switching the six-port valve, pump 2 performs reverse flushing of column 1 and
enters column 2, and the target substances enriched in column 1 enter pump 2 with the
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gradient conditions of the two–dimensional mobile phase to start the two-dimensional
analysis process.
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Figure 1. Schematic of the automated online SPE–HPLC system (a), and the extraction and clean–up
principle of a RAM column (b).

Chromatographic columns: One-dimensional: CAPCELL PAK MF C8 SG80 (2 mm
i.d. × 150 mm, particle size 5 µm) (OSAKA SODA, Japan); two-dimensional: CAPCELL
PAK C18 MGII (2 mm i.d. × 100 mm, particle size 2 µm) (OSAKA SODA, Japan). The
column temperature was 25 ◦C, and the injection volume was 10 µL.
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Table 2. Linearity data, LOD, LOQ, and matrix effect (ME, %) for tested compounds by SPE–UPLC–
MS/MS.

B-Type
C-TCNs Matrixs

Calibration
Range
(µg/kg)

Linear Equation
Correlation
Coefficient
(r)

LOD
(µg/kg)

LOQ
(µg/kg)

ME
(%)

DON
Ready–to–eat brown rice

1–1000
y = 28,048x + 111,732 0.9991 0.4 1 −6.4

Oatmeal y = 27,171x + 137,284 0.9991 0.4 1 −10.6
Whole wheat bread y = 28,249x + 98,763 0.9998 0.3 0.9 −8.1

D3G
Ready–to–eat brown rice

0.2–200
y = 18,775x − 987 0.9996 0.06 0.2 −14.0

Oatmeal y = 17,106x − 1211 0.9993 0.05 0.15 −9.3
Whole wheat bread y = 17,614x − 373 0.9995 0.05 0.15 −10.0

3AcDON
Ready–to–eat brown rice

1–1000
y = 25,092x + 52,203 0.9992 0.2 0.8 −2.5

Oatmeal y = 24,956x + 34,251 0.9994 0.25 0.8 −6.6
Whole wheat bread y = 24,278x + 19,342 0.9994 0.3 1 −5.5

15AcDON
Ready–to–eat brown rice

2–2000
y= 12,969x + 10,982 0.9993 0.5 1.5 5.4

Oatmeal y= 13,311x + 41,537 0.9996 0.6 2 3.4
Whole wheat bread y= 12,510x + 38,762 0.9997 0.5 1.5 4.5

DOM–1
Ready–to–eat brown rice

1–1000
y = 22,102x + 12,324 0.9996 0.4 1 1.6

Oatmeal y = 24,397x + 10,981 0.9998 0.3 1 2.0
Whole wheat bread y = 22,274x + 8976 0.9993 0.4 1 2.6

FusX
Ready–to–eat brown rice

1–1000
y = 7115x + 3791 0.9998 0.2 0.8 −3.1

Oatmeal y = 6113x + 3429 0.9997 0.2 0.8 −6.2
Whole wheat bread y = 6202x + 2167 0.9995 0.3 1 −3.6

NIV
Ready–to–eat brown rice

1–1000
y = 10,810x + 8035 0.9994 0.3 1 −9.3

Oatmeal y = 9879x + 8035 1.0000 0.3 1 −12.8
Whole wheat bread y = 9976x + 8035 0.9994 0.3 1 −12.2

2.4. Samples and Sample Preparation

The method development and validation were conducted using three types of sample
matrices: blank instant brown rice (n = 6), oatmeal (n = 6), and whole-wheat flour products
(n = 6) collected from the Chinese retail market. All collected samples were ground into
fine powder using a laboratory mill to achieve sufficient homogeneity and stored in sealed
plastic bags in a dark environment at 4 ◦C until analysis.

After the method was validated to meet the acceptable criteria specified in European
Commission Decision (EC) No. 2002/657/EC [8], it was applied to analyze 180 actual
samples collected from the Chinese retail market, including brown rice, whole-grain infant
rice flour, oatmeal, instant oats, oatmeal cookies, whole–wheat bread, whole–wheat noodles,
and whole–wheat dumpling wrappers.

Extraction Procedure

Weigh 2.0 g of whole-grain prepared food. Add 10 mL of FA–ACN–water (1:84:14,
v/v) mixture, vortex for 30 s, and extract by ultrasound for 10 min. After centrifugation
(9000 r/min) for 5 min, pass the supernatant through a 0.22 µm filter membrane and
set aside.

2.5. Method Validation

The optimized method was validated according to the existing procedures in [8,9]. The
method can be used to analyze seven TCNs in nine types of samples, including cereal bars,
oatmeal, whole-wheat bread, whole-wheat biscuits, whole-wheat steamed buns, whole-
wheat noodles, instant rice, whole-wheat dumpling wrappers, and infant cereal rice flour.
The performance characteristics evaluated include linearity, limit of detection (LOD), limit
of quantification (LOQ), selectivity, matrix effect, recovery, repeatability, reproducibility,
and robustness (details were described in the Supplementary File).
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2.6. Risk Assessment

Given the severe toxicity of the target mycotoxins, it is crucial to assess their potential
exposure risk to human health in whole-grain-based prepared foods by evaluating the
contamination levels of the seven target mycotoxins and combining them with relevant
food consumption data. The estimated daily intakes (EDIs) and hazard quotient (HQ)
values of the mycotoxins were calculated using the following formulas:

EDI (µg/kg bw/day) = (C × F)/bw

where, C is the average contamination concentration (µg/kg) of type B trichothecenes in
whole-grain prepared food samples, and F is the average consumption (g/day) of whole-
grain foods. As there are currently no authoritative statistics on the consumption data of
whole-grain prepared foods in China, this study adopted the recommended daily intake
value of whole grains for adults in the Chinese Dietary Guidelines, which is 100 g (the
average of 50–150 g), as the food factor (F value) for estimating exposure [10]. bw is the
human body weight (kg), and the default international average body weight for adults is
60 kg [11].

The EFSA has set tolerable daily intakes (TDIs) to assess the exposure risk of mycotox-
ins in food under controllable conditions. The TDI for DON is 1 µg/kg·day·bw, and the
TDI for NIV is 0.7 µg/kg·day·bw [12,13]. Due to the limitations of toxicity studies on D3G,
3AcDON, 15AcDON, and FusX, there are currently no officially confirmed TDIs for these
compounds. In 2017, EFSA conducted a comprehensive risk assessment of DON and its
derivatives (including D3G, 3AcDON, and 15AcDON). The report supported the view of
the Joint FAO/WHO Expert Committee on Food Additives, which states that the intake of
3AcDON and 15AcDON should be fully counted as DON equivalents, while 30% of the
D3G intake should be counted as DON equivalents, and the TDI value of DON should be
applied for risk assessment [14]. FusX may have similar toxic effects to NIV, and the TDI
value of NIV can be used as a reference for risk assessment [15]. The hazard quotient (HQ)
is usually introduced to represent the risk level of dietary intake of each toxin, which is
calculated as the ratio of EDI to TDI, as shown in the following formula:

HQ (%) = (EDI/TDI) × 100

An HQ < 100% is considered an acceptable dietary exposure level for mycotoxins and
does not pose a health threat to humans, while an HQ > 100% indicates that the dietary
exposure level exceeds the permissible limit and poses a health threat and will therefore be
considered a serious safety issue [16].

Furthermore, since the analyzed TCNs involve DON and NIV or their derivatives,
and the interaction mechanisms between each toxin are not yet clear, the total risk can be
estimated by directly combining the HQ values of each toxin and calculating the hazard
index (HI, %) using the following formula:

HI (%) = ∑ HQ i, where i ∈ {DON, D3G, 3AcDON, 15AcDON, NIV, FUsX, DOM-1}

An HI > 100% for multiple mycotoxins indicates that dietary exposure may have a
significant adverse effect on human health.

2.7. Data Analysis

When the mycotoxin levels detected in the samples were higher than the LOQ, the
samples were considered positive, while samples with contamination levels lower than the
LOQ were considered negative.

During the dietary risk assessment, mycotoxins that were not detected or below the
LOQ were considered to be half of the LOD (LOD/2).
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Statistical analysis was performed using SPSS software (version 22.0, IBM Corp.,
Armonk, New York, NY, USA) to calculate correlation coefficients (R2 ≥ 0.99). OriginPro
software (2019b, OriginLab Inc., Northampton, MA, USA) was used to plot the spectra.

3. Results and Discussion
3.1. Selection of Sample Extraction

It is necessary to select a suitable extraction solvent for mycotoxins. Studies have
shown that type B trichothecenes are highly soluble in organic solutions due to their
lipophilic and hydrophobic properties [17]. The addition of a small amount of water
promotes the wetting of the sample matrix and facilitates the penetration of organic so-
lutions into the food. Furthermore, organic acids can disrupt the tight binding between
the analytes and other food nutritional components (such as proteins and sugars), thereby
promoting the extraction of mycotoxins [18]. Compared to methanol/water mixtures, the
use of acetonitrile/water mixtures can effectively reduce the co-extraction of interfering
substances from the samples and achieve satisfactory recoveries [19,20]. Therefore, this
study compared the extraction effects of acetonitrile aqueous solutions containing 0.1%–1%
formic acid. As shown in Figure 2, the mean recoveries of the seven mycotoxins extracted
with six solutions were 39.7%, 48.2%, 58.3%, 70.9%, 79.3%, and 70.4%, respectively. Al-
though none of the six solvents achieved ideal recoveries for all analytes after extraction
without purification, it is worth noting that the analyte recoveries extracted with 1% formic
acid–85% acetonitrile aqueous solution were tightly distributed in the box plot, with a
median quartile (Q2) of 78.6% and a third quartile (Q3) of 80.3%, showing the relatively
best extraction effect. Therefore, this solvent was chosen as the optimal extraction solvent
for further purification and analysis.
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3.2. Optimization of UPLC–MS/MS

Developing a suitable sample purification method is often considered the critical
first step in the entire analytical chain, as it is the most time-consuming and error-prone
step [21]. The RAM chromatographic column plays a key role in the online SPE analysis
of complex food samples through two separation principles. As shown in Figure 1b, a
uniform thin film coated with siloxane polymers is formed on the surface of high-purity
silica gel. Simultaneously, hydrophilic groups with steric hindrance (polyoxyethylene) and
hydrophobic groups (C8) for retention are bonded. Large matrix molecules such as proteins
are affected by the steric hindrance of hydrophilic groups and the size exclusion effect
caused by small pore size, and they are not retained but eluted directly at the dead time. In
contrast, the target small molecule mycotoxins can interact with the hydrophobic groups
to achieve retention and separation. In this study, we also attempted to use a CAPCELL
PAK MF Ph–1 SG80 chromatographic column (4.6 mm × 150 mm, id, 5 µm, OSAKA SODA,
Japan) with phenyl as the hydrophobic group for pretreatment. The retention capacity of
the MF Ph–1 column was weaker than that of the C8 column, with NIV and D3G having
retention times of 1.63 min, close to the dead time (1.2 min) at that point, which may
cause loss during pretreatment valve switching and affect quantitative results. Therefore, it
was abandoned.

To optimize the mass spectrometry method, a standard solution of a single compound
was injected into the LC–MS/MS system. Analyses were performed in positive/negative
ion mode, and the two highest-intensity ions observed for each analyte were used as
Quantifier and Qualifier, respectively. When the mobile phase used 0.1% formic acid
(FA) or 0.1% HAc as the aqueous phase, the corresponding precursor ions were [M + H]+

or [M+CH3COO]−, respectively. Compared to positive ion mode, there was a trend of
increased response intensity of analyte ions in negative ion mode, with increases ranging
from 1.7-fold (D3G) to 6.0-fold (3AcDON). It can be seen that the [M+CH3COO]− provided
by HAc greatly enhanced the ionization of the analytes. When the HAc concentration was
reduced from 0.1% to 0.01%, the signal intensity of 3AcDON and others increased by more
than 1.8 times. Further reducing from 0.01% to 0.005%, all signal intensities continued
to increase except for DON and FusX. However, the use of 0.005% HAc resulted in poor
precision for all analytes, with the RSD range of peak areas for the tested mycotoxins (n = 3)
between 11% and 32%. When the HAc concentration was 0.01%, the RSD was between 1%
and 4%. Therefore, 0.01% HAc aqueous solution was selected as mobile phase (A), with
ACN as mobile phase (B), and all compounds had good chromatographic peak shapes.

On this basis, the chromatographic separation conditions were further optimized to
achieve satisfactory separation within a short analysis time. DON derivatives have similar
structures and properties, especially the positional isomers 3AcDON and 15AcDON, which
exhibit common precursor ions (m/z 397.3) and similar product ions. Therefore, baseline
separation through gradient elution is necessary to achieve accurate quantification. In this
study, key parameters were explored in terms of column type, flow rate, and gradient. As
shown in Figure 3a, CAPCELL PAK C18 MGII is a moderately polar C18 column. At a flow
rate of 0.25 mL/min, a mild gradient of 25–30% B was maintained for 5–8 min for elution,
achieving baseline separation of 3AcDON and 15AcDON. Further research found that the
CAPCELL CORE C18 column is a core-shell column with C18 as the bonded phase. The
packing of core-shell columns has a solid core–porous surface structure, which, compared
to fully porous packing, can achieve good retention and separation within a shorter analysis
time, improving analytical efficiency. However, when using the CORE C18 column as the
analytical column, the results are shown in Figure 3c. The analysis time was shorter than
that of the MGII column, and the separation of 3AcDON and 15AcDON could not meet the
analytical requirements, so it was abandoned. The ADME–HR column has a bonded phase
of a sterically caged adamantyl group, a non-linear bonded phase. Due to the structural
difference from the linear bonded phase, this column has ultra-high surface polarity while
possessing certain surface hydrophobicity, making its retention effect on polar compounds
and compounds containing polar groups superior to C18 columns, which is conducive
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to the separation of isomers. Therefore, we also tried using the ADME–HR column as
the analytical column, but the results are shown in Figure 3b. Although the separation of
3AcDON and 15AcDON was better on this column, the peak shape was poor (peak too
wide), so it was abandoned. Finally, the CAPCELL PAK C18 MGII was selected as the
analytical column since after pretreatment with a front–end RAM column, quantitative
analysis of seven compounds can be simultaneously performed within 11 min of a single
injection. The extracted ion chromatogram is shown in Figure 3d.
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Figure 3. The total ion chromatogram was obtained by the CAPCELL PAK C18 MGII column (a), the
CAPCELL CORE C18 column (b), or the ADME–HR column (c). Extracted ion chromatograms of
7 analytes obtained by linking CAPCELLPAK MF C8 SG80 with CAPCELLPAK C18 MGII under
optimal conditions (d).

In a study, the toxicokinetics of DON, and its acetylated derivatives 3AcDON and
15AcDON, and its main metabolite DOM-1 in chicken and pig plasma were determined by
LC-MS/MS after a simple deproteinization step with acetonitrile, followed by evaporation
and reconstitution [22]. The method focuses on the analysis of these mycotoxins in animal
plasma. However, the difference in sample matrices presents distinct challenges for sample
preparation. In contrast, our method utilizes an online SPE using a RAM column for the
cleanup of complex cereal-based food matrices. The RAM column allows for the direct
injection of samples by trapping small analytes while eluting macromolecules, effectively
removing potential interferences from the matrix.

Furthermore, our method achieves satisfactory separation of the analytes, especially
the positional isomers 3AcDON and 15AcDON, within a short analysis time using a
core-shell analytical column (CAPCELL PAK C18 MGII). Although the two methods
are designed for different sample matrices, both demonstrate good performance for the
quantitative analysis of DON and its derivatives. Our approach, tailored for cereal-based
prepared foods, offers advantages in terms of efficient sample cleanup and enhanced
chromatographic separation, making it suitable for the reliable determination of type B
trichothecenes in these complex matrices.
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3.3. Time of Valve Switching

During 0–1.3 min, the six-port valve is in position A, and the RAM column is perform-
ing sample pretreatment. According to the flow rate, column inner diameter, and column
length, the system’s dead time is calculated to be approximately 1.0 min. Since we want to
remove large molecules from the sample through online pretreatment, and these substances
are not retained on the RAM column, while also ensuring that the target small molecules
can be retained on the RAM column without being eluted, we choose to complete the
pretreatment in as short a time as possible and quickly switch the retained target substances
to the two-dimensional system to ensure that their recovery is not compromised. Based on
the above considerations, we switch the six-port valves to position B at 1.3 min. During
1.3 min–11.1 min, the RAM column is connected in series with the analytical column in
the two-dimensional system, and the RAM column adopts a reverse-phase flushing mode
(opposite to 0–1.3 min) to backflush the target substances retained on the RAM column
after pretreatment to the analytical column (which is in forward-flush mode) for sample
separation and detection. After all target components have been effectively analyzed, the
six-port valve is switched back to position A at 11.1 min and maintained until 15 min to
balance the system and prepare for the analysis of the next sample. The valve switching
times are shown in Table S1.

3.4. Method Validation

In this study, the gradient elution program was carefully designed to prevent this
possibility, and no carry-over effects were observed for any compounds. The RAM column
can be used to extract multiple samples without significant signal loss or the need for
replacement. All steps of method optimization, validation, and sample analysis were
performed using the same RAM column, with a total of over 1000 injections.

The established SPE–UPLC–MS/MS method is suitable for the quantification of seven
type B trichothecenes in whole-grain prepared foods. Therefore, appropriate sensitivity
assessment is necessary. As shown in Table 2, with instant brown rice, oatmeal, and
whole-wheat flour products (whole-wheat bread) as representative matrices, the LODs and
LOQs of the target toxins were 0.05–0.6 µg/kg and 0.15–2 µg/kg, respectively. In the last
decade, the target mycotoxins in cereals reported using LC–MS/MS are generally in the
range of 0.02–50 µg/kg for LODs and 0.11–200 µg/kg for LOQs [9,22–27], as detailed in
Table S2. In comparison, this study established an online automated system that completes
purification and enrichment in one step, and the method is sensitive enough to meet
the analytical requirements for trace residues of seven trichothecenes, such as DON, in
prepared cereal foods.

According to the SANTE guidelines [28], matrix effects (MEs) in the range of −20%
to +20% are considered insignificant. As shown in Table 2, matrix effects varied among
different compounds, with an overall fluctuation range of –14.4% to 5.4%, but early–
eluting compounds appeared to exhibit higher matrix effects than later–eluting compounds.
Consistent with previous literature assessments, DON, D3G, and NIV commonly exhibit
varying degrees of matrix effects in LC–MS/MS analysis, especially in oat matrices, mainly
manifesting as ion suppression. Among them, D3G and NIV are more significantly affected
by matrix effects than DON [29]. To reduce the impact of matrix effects, methods such as
isotope-labeled internal standards, matrix-matched standard curves, dilution and injection
can be adopted. Considering that the pretreatment method provided in this study has
greatly reduced the matrix effects, which are not as significant as reported in the above
literature (exceeding the range of −20% to +20%), a matrix-matched calibration strategy
that balances cost and sensitivity was adopted to minimize matrix effects and ensure
accurate quantification. The linear regression data are summarized in Table 2. All relevant
mycotoxins had r values greater than 0.999 within the applicable working range, indicating
good linearity of the calibration curves.

The intra-day and inter-day precision (expressed as % RSD) in three typical sample
matrices met international standards [30,31], as shown in Table S2, with values below
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4.29 and 11.7%, respectively, which are acceptable for complex samples [32,33]. At low
concentrations (the first point of the calibration curve), the RSD values for the seven
compounds were less than 9.5%, indicating good precision of the method, mainly due to the
automated control of the online analytical system and the robustness of the RAM column.
The accuracy of the method was evaluated through recovery experiments using spiked
samples at three concentrations. The recoveries ranged from 89.7% to 103.6% (Table S3). It
is noteworthy that the proposed method can achieve good precision and accuracy without
the use of isotope-labeled internal standards, which is important in reducing the generation
of hazardous waste and greatly reducing funding investment costs.

Quality control (QC) samples were prepared in the initial mobile phase (standard
concentration was 10 times the quantification limit of each analyte) and analyzed before
and after each batch of samples. After the last QC sample, acetonitrile was injected to clean
the system and check for any residual effects before starting the analysis of a new batch of
samples. No carry-over effects were observed.

3.5. Application to Real Samples
3.5.1. Occurrence of Mycotoxins in Samples

Application, the established method was used to detect seven type B trichothecene
toxins in 160 whole-grain prepared food samples of eight categories collected from the
Chinese market. The levels of the seven mycotoxins were obtained, and the results are
shown in Figure 4 and Table S3. Whole-grain products retain the germ and bran of the
grain and have not undergone deep processing such as peeling and grinding, resulting
in a low toxin removal rate. Among the 160 samples, 112 (70.0%) contained at least one
toxin. DON had the highest detection rate (70.0%) and the highest maximum detected
concentration (1685.2 µg/kg). This residue level is compliant with the Codex Alimentarius
Commission standard (2000 µg/kg) and is slightly lower than the European Union (EU)
standard (1750 µg/kg). However, it exceeds the standard set by China (1000 µg/kg) [34–36].
NIV, 3AcDON, D3G, and 15AcDON followed, with detection rates of 38.1%, 30.6%, 21.9%,
and 8.8%, and maximum detected concentrations of 90.3, 208.1, 28.6, and 47.2 µg/kg, re-
spectively. This result is supported by multiple studies, as DON is usually the trichothecene
toxin with the highest detection rate and contamination level in cereal grains such as
wheat and oats and their processed products [37,38]. Compared to other trichothecenes
such as NIV, F. graminearum has a higher capacity to biosynthesize DON, with a faster
production rate per unit of fungal biomass. This higher biosynthetic efficiency, coupled
with the rapid growth of F. graminearum on cereal grains, results in higher levels of DON
contamination [39]. Acetylated DON derivatives (3AcDON and 15AcDON) originate from
the secondary metabolic processes of specific chemotypes of F. graminearum and usually
co-contaminate grains with DON, but at relatively lower levels [40]. It is worth noting that
the detection rate and content of 3AcDON are usually higher than those of 15AcDON [41],
which is confirmed again by the results in this study. In comparison, although the contami-
nation levels of D3G and NIV are lower than those of DON, they should not be ignored.
Several studies have demonstrated that grains can be co-contaminated with NIV and D3G,
with concentrations ranging from tens to hundreds of µg/kg [42,43]. This suggests that
when assessing the risk of trichothecene contamination in cereal products, in addition to
focusing on free DON, attention should also be paid to other coexisting analogs [44].

FusX, as an acetylated derivative of NIV, exhibits relatively low toxicity, and current
research primarily focuses on the detection of this toxin in grains, which are raw materials
for processed foods. A study conducted in Canada from 2008 to 2010 demonstrated that
FusX was detected in less than 1% of wheat samples, with the highest concentration being
only 30 µg/kg [45]. In contrast, analyses by Bryła and his team of Polish grain samples from
2014 to 2016 found detection rates of FusX in wheat and barley to be 4% and 2%, respectively,
with the highest concentration reaching 122 µg/kg [46]. Although these values are higher
than those reported in Canada, they remain low compared to the primary trichothecene
DON. Similarly, in this study, FusX was detected in 5 out of 160 samples, with the highest
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concentration found in whole-wheat dumpling wrappers being 17.9 µg/kg. However, a
study in Sichuan Province, China, revealed a significantly higher detection rate of FusX
in rice samples, at 28.6%, with the highest concentration detected being 455.1 µg/kg [47].
These findings indicate that while the contamination rate of FusX in grains is generally low
(less than 5%), the detection rate and level of contamination vary according to region and
crop type. Given that contamination in raw materials can migrate to the final processed
products, continuous monitoring of FusX contamination levels in grains is crucial.
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Figure 4. Occurrence of B-type TCNs in 160 whole-grain prepared foods collected across China (a).
Co–contamination heatmap of the Pearson correlation matrix indicating the prevalence of B-type
TCNs combinations (b). The color gradient ranges from dark purple to light yellow, corresponding to
correlation values from 0.6 to 1.0, respectively. Asterisks indicate statistical significance (* p < 0.05,
** p < 0.01, and *** p < 0.001).

DOM–1 is a de-epoxy derivative of DON. This method monitored its contamination
in 160 whole-grain-based foods, and the results showed no detection. DOM–1 mainly
originates from the metabolic transformation of DON in animals and is rarely directly
detected in grains and their processed products. Broekaert et al. [48] found that the
proportion of DOM–1 detected in 190 samples (grains such as wheat, corn, and oats) was
only 2.1%, with a maximum detected concentration of 23 µg/kg, which is much lower than
DON and other derivatives. Moreover, Payros et al. [49] analyzed various DON derivatives
in wheat and its flour products, and DOM–1 residue was not detected in any of the samples.
This study further confirms that the risk of direct contamination of this derivative in grains
is low.

3.5.2. Contamination Characteristics of Type B Trichothecenes in Different Types
of Samples

From Figure 4a, it can be seen that TCNs contamination varies greatly among different
food categories. Whole-wheat dumpling wrappers are the most severely contaminated
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prepared food, followed by whole-wheat noodles, oatmeal, and whole-wheat bread. In
contrast, infant whole-grain rice flour is almost uncontaminated, while instant brown
rice, instant oats, and oatmeal cookies have lower contamination levels. The reasons for
this difference may include the following: First, the quality and contamination status of
raw grains differ. Cereals such as wheat and oats are more susceptible to F. graminearum
infection, while rice has a relatively stronger resistance to infection [50]. Second, product
quality standards and regulatory efforts vary. As a special dietary food, infant food has
stricter raw material quality control and a higher frequency of self-inspection by enterprises
and government supervision, and it is difficult for highly contaminated products to enter
the market. Third, there are differences in food processing techniques. High-temperature
baking, extrusion puffing, and cooking processes help reduce toxin levels in foods such as
oatmeal cookies and instant oats [51]. The moisture content of dumpling wrappers is higher
than other cereal products such as bread and biscuits (usually around 35%), and DON has
good solubility in moisture, making it easier to accumulate in high-moisture dumpling
wrappers. The processing of dumpling wrappers is relatively complex, from dough mixing
and resting to rolling and shaping, which takes a long time. The lengthy processing
provides more opportunities for residual Fusarium to multiply and produce toxins [52].
Finally, most dumpling wrappers sold in the market are in bulk, and improper storage
conditions during the shelf life can easily lead to moisture absorption and mold growth.
Residual Fusarium will multiply in large quantities, further increasing the DON content. In
addition, the pH value of dumpling wrappers (usually between 5.0–6.0) provides favorable
acidic conditions for the stability of DON [53].

Therefore, to reduce DON contamination in whole-wheat dumpling wrappers, it is
necessary to control the entire chain from farm to table, improve the quality of whole-wheat
flour raw materials, optimize production processes, improve storage and transportation
conditions of finished products, and take multiple measures simultaneously to achieve
good results.

3.5.3. Co-Contamination Patterns

In the whole-grain prepared food samples in this study, the main contamination
patterns of DON + NIV, DON + D3G, and DON + NIV + 3AcDON (Figure 4) are all
produced by Fusarium fungi such as F. graminearum and F. culmorum. It has been confirmed
that the biosynthesis of DON and NIV is regulated by the same gene cluster (Trichothecene
biosynthesis gene cluster, TRI) [54]. Mutations or deletions of the TRI8 and TRI13 genes
in the gene cluster lead to F. graminearum synthesizing different types of DON derivatives
(3AcDON and D3G) [55], which is further demonstrated by the results of this study. In
addition, climate change and global warming have led to more extreme weather conditions
with high temperatures and heavy rainfall, providing favorable conditions for the growth
and reproduction of Fusarium fungi, which also exacerbates the risk of toxin contamination
in these food raw materials.

3.6. Risk Assessment

Considering that DOM–1 was not detected in any of the samples, and infant whole-
grain rice flour was almost uncontaminated, we proceeded to conduct a risk assessment
for the residues of six trichothecene mycotoxins (TCNs), excluding DOM-1, in seven other
categories of whole-grain prepared foods. The hazard quotient (HQ) and hazard index (HI)
were calculated using the method recommended by the WHO, acknowledged for its global
applicability and comparative risk assessment across various foodstuffs.

As shown in Table 3, whole-wheat dumpling wrappers had the highest average con-
tents of DON and D3G, reaching 590.77 µg/kg and 52.70 µg/kg, respectively. The exposure
level (EDI) of DON in whole-wheat dumpling wrappers was 0.9846 µg/kg·day·bw, close
to its toxicity reference value (TDI) of 1 µg/kg·day·bw, with a health risk quotient (HQ)
as high as 98.462%. Whole-wheat dumpling wrappers also had the highest total health
risk index (HI), reaching 136.408%, indicating that the total risk of type B trichothecenes
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in this food has exceeded the standard. The risk of DON has been previously found in
commercially available noodles, steamed buns, and flour in China [56–58], and this study
is the first to find it in whole-grain prepared foods, reflecting that DON contamination
in whole-grain prepared foods remains a serious food safety issue that urgently needs
effective measures to control. The DON contents in oats, instant oats, and oatmeal cookies
were relatively low, but still reached 260.36, 133.93, and 55.86 µg/kg, respectively. The HQ
value of oats was 43.393%, and the HI value was 60.419%, which also requires attention.
In contrast, instant brown rice had the lowest contents and risk levels of various type
B trichothecene toxins, and the overall risk was controllable. In addition to DON and
D3G, 3AcDON and 15AcDON were co-contaminated in whole-wheat dumpling wrap-
pers and whole–wheat noodles. Although the HQ values were not high, considering that
existing studies have found synergistic toxic effects of these acetylated derivatives with
DON in in vitro and in vivo experiments such as intestinal epithelial cells, piglets, and
zebrafish [59–61], their hazards should not be ignored. However, it is pertinent to acknowl-
edge that this additive approach may not always precisely reflect the interactive complexity
of mycotoxin exposure.

Table 3. Dietary exposure risk assessment of trichothecene mycotoxins in grain processed foods in
the Chinese population.

Whole Grain Pre-Processed
Foods

Type B
Trichothecenes

C
(µg/kg)

TDI
(µg/kg·day·bw)

EDI
(µg/kg·day·bw)

HQ
(%)

HI
(%)

Ready-to-eat brown rice

DON 45.60 1 0.0760 7.600

9.510

D3G 2.24 0.3 0.0037 1.242
NIV 2.06 0.7 0.0034 0.490

3AcDON 0.67 1 0.0011 0.112
15AcDON 0.25 1 0.0004 0.042

FusX 0.10 0.7 0.0002 0.024

Oatmeal

DON 260.36 1 0.4339 43.393

60.419

D3G 24.95 0.3 0.0416 13.862
NIV 3.93 0.7 0.0066 0.936

3AcDON 12.28 1 0.0205 2.046
15AcDON 0.96 1 0.0016 0.159

FusX 0.10 0.7 0.0002 0.024

Ready-to-eat oatmeal

DON 133.93 1 0.2232 22.321

27.010

D3G 6.86 0.3 0.0114 3.808
NIV 1.27 0.7 0.0021 0.303

3AcDON 3.03 1 0.0050 0.504
15AcDON 0.30 1 0.0005 0.050

FusX 0.10 0.7 0.0002 0.024

Oatmeal cookies

DON 55.86 1 0.0931 9.310

11.490

D3G 2.89 0.3 0.0048 1.606
NIV 1.29 0.7 0.0022 0.308

3AcDON 1.15 1 0.0019 0.192
15AcDON 0.30 1 0.0005 0.050

FusX 0.10 0.7 0.0002 0.024

Whole-wheat bread

DON 279.51 1 0.4659 46.585

57.242

D3G 13.83 0.3 0.0230 7.681
NIV 3.59 0.7 0.0060 0.854

3AcDON 8.88 1 0.0148 1.480
15AcDON 3.43 1 0.0057 0.572

FusX 0.30 0.7 0.0005 0.071

Whole-wheat noodles

DON 354.05 1 0.5901 59.009

71.100

D3G 14.47 0.3 0.0241 8.041
NIV 5.21 0.7 0.0087 1.241

3AcDON 12.13 1 0.0202 2.022
15AcDON 4.42 1 0.0074 0.736

FusX 0.21 0.7 0.0004 0.051
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Table 3. Cont.

Whole Grain Pre-Processed
Foods

Type B
Trichothecenes

C
(µg/kg)

TDI
(µg/kg·day·bw)

EDI
(µg/kg·day·bw)

HQ
(%)

HI
(%)

Whole-wheat dumpling wrapper

DON 590.77 1 0.9846 98.462

136.408

D3G 52.70 0.3 0.0878 29.277
NIV 10.84 0.7 0.0181 2.580

3AcDON 31.40 1 0.0523 5.234
15AcDON 3.88 1 0.0065 0.647

FusX 0.88 0.7 0.0015 0.209

Note: Whole-grain prepared foods consumption is 100 g/d. C: mean concentration of mycotoxin in samples.
Mean body weight is 60 kg. Mycotoxin intake = (Whole-grain prepared foods consumption × C)/(mean body
weight × 1000). HQ (Hazard Quotient, %) = mycotoxin intake × 100/TDI. HI (Hazard Index, %) = ∑HQ.

4. Conclusions

For the first time, this study established an online SPE–UPLC–MS/MS method for
the rapid quantitative determination of seven type B trichothecene toxins in whole-grain
prepared foods. By designing a single-valve dual-column system and using a high-pressure
six-port valve to connect the RAM purification column and the analytical column in parallel,
column switching after sample injection was achieved, simultaneously accomplishing
purification and separation. The results showed that this method improves efficiency
and speed on the basis of reducing costs (less manual input and no need for internal
standards) and has good robustness. After validation, the method was found to be sensitive
and accurate, suitable for routine large-scale quantitative analysis of type B trichothecene
toxin contamination in whole-grain prepared foods. The practicality of the method was
verified by quantifying seven mycotoxins in 160 batches of eight categories of whole-grain
prepared foods.

Overall, the total risk of type-B trichothecenes in whole-grain processed foods is a
cause for concern. DON is the most prevalent and severe trichothecene toxin in these
foods. However, D3G, NIV, and 3AcDON often coexist, and their harmful effects may be
added. Currently, relevant standards are not perfect, and the contamination situation is
underestimated. It is recommended to strengthen the monitoring of trichothecene toxin
contamination in whole-grain raw materials and improve the processing technology of
prepared foods. In addition, it is very necessary and urgent to formulate detailed maximum
limits for related toxins in these foods.

This study used the recommended daily intake value of whole grains for adults in
the Chinese Dietary Guidelines as the food factor (F value) for estimating exposure. This
assumption is based on the following considerations: First, whole-grain prepared foods
are one of the important sources of whole-grain intake in the diet; second, in the absence
of actual survey data, the recommended value in the dietary guidelines can be used as
a reference benchmark for assessing potential exposure risks [62]. However, it should
be noted that it is crucial to articulate that such risk quantifications incorporate several
assumptions. These include standardized consumption data, uniform absorption rates, and
constant daily intake over time, which may not capture the nuances of population-specific
dietary habits or acute consumption patterns. Moreover, the TDI value for DON is itself
based on certain toxicological assumptions that might not encompass all subpopulations’
sensitivities. Despite these inherent uncertainties, employing this WHO-recommended
approach provides an initial, albeit approximate, framework to gauge potential health risks
and guide preventative strategies. The assessment acts as an impetus for more nuanced,
targeted studies and supports the necessity for stringent control measures to mitigate DON
contamination in whole-grain prepared foods. In the future, it will be necessary to conduct
a nationwide consumption survey of whole-grain prepared foods to obtain more accurate
food factor data to better assess the exposure level and health risks of the population.
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detection in grains via LCMS/MS over the last decade. Table S2: Accuracy and precision data for
determination of 7 mycotoxins at three levels in one day (n = 6) and three distinct days (n = 18).
Table S3: The occurrence of 7 TCNs in 160 Whole grain prepared foods samples from 8 food categories
collected in Chinese market.
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Abstract: Mycotoxins are a class of exogenous metabolites that are major contributors to foodborne
diseases and pose a potential threat to human health. However, little attention has been paid to trace
mycotoxin co-exposure situations in vivo. To address this, we devised a novel analytical strategy, both
highly sensitive and comprehensive, for quantifying 67 mycotoxins in human plasma samples. This
method employs isotope dilution mass spectrometry (IDMS) for approximately 40% of the analytes
and utilizes internal standard quantification for the rest. The mycotoxins were classified into three
categories according to their physicochemical properties, facilitating the optimization of extraction
and detection parameters to improve analytical performance. The lowest limits of detection and
quantitation were 0.001–0.5 µg/L and 0.002–1 µg/L, respectively, the intra-day precision ranged from
1.8% to 11.9% RSD, and the intra-day trueness ranged from 82.7–116.6% for all mycotoxins except
Ecl, DH-LYS, PCA, and EnA (66.4–129.8%), showing good analytical performance of the method
for biomonitoring. A total of 40 mycotoxins (including 24 emerging mycotoxins) were detected in
184 plasma samples (89 from infertile males and 95 from healthy males) using the proposed method,
emphasizing the widespread exposure of humans to both traditional and emerging mycotoxins.
The most frequently detected mycotoxins were ochratoxin A, ochratoxin B, enniatin B, and citrinin.
The incidence of exposure to multiple mycotoxins was significantly higher in infertile males than
in healthy subjects, particularly levels of ochratoxin A, ochratoxin B, and citrinin, which were
significantly increased. It is necessary to carry out more extensive biological monitoring to provide
data support for further study of the relationship between mycotoxins and male infertility.

Keywords: mycotoxin; UHPLC-MS/MS; emerging mycotoxins; male infertility; human biomonitoring

1. Introduction

Mycotoxins are harmful secondary metabolites produced by fungi, commonly found
in the environment and food. Strict regulations have been implemented worldwide to
establish maximum residue limits for the six types of typical traditional mycotoxins com-
monly contaminated in food. However, in recent years, some mycotoxins that had received
little attention or were newly discovered have been found to have high detection rates in
food, such as beauvericin, cyclopiazonic acid, enniatins, and sterigmatocystin [1–5]. These
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mycotoxins, collectively referred to as emerging mycotoxins, are neither routinely tested
nor regulated by legislation [6,7]. Consuming mycotoxin-contaminated foods can lead
to acute or chronic diseases. The World Health Organization has identified mycotoxins
as major contributors to foodborne illnesses that pose potential threats to human health.
Numerous studies have shown that exposure to a mixture of mycotoxins is particularly
concerning due to potential synergistic interactions, leading to new and unexpectable ef-
fects [8,9]. Therefore, monitoring human exposure to multiple mycotoxins and conducting
risk assessments are crucial.

Toxicological studies have indicated that both known and emerging mycotoxins can
have negative effects on reproduction [10,11]. Infertility affects about 15% of couples
worldwide, with a steady increase [12]. Male factors are responsible for at least 50% of
infertility cases [13,14]. The significant decline in sperm quality and human fertility globally
has been attributed to various factors [15,16], including the impact of endocrine-disrupting
chemicals like mycotoxins [17]. However, the relationship between the development
of male infertility and mycotoxin exposure remains unclear due to the lack of reliable
data on human internal exposure to mycotoxins. Common biomarkers for mycotoxin
exposure involve proteins, DNA adducts, phase I and phase II metabolites, and the parent
compounds [18,19]. Only a few methods have effectively detected multiple mycotoxins
from different groups in human plasma samples (Table S1). This limited capability has led
to underestimations of simultaneous exposure to multiple emerging mycotoxins [20–23].
Therefore, it is important to establish a detection method to trace foodborne mycotoxins
in body fluids that can study the concurrent exposure to mycotoxins and investigate their
relationship with male infertility.

Typical assessments of mycotoxin exposure usually involve combining data on their
occurrence in food with information about food consumption. However, this approach
has certain limitations. For example, the distribution of mycotoxins in food products is
not homogeneous, and some mycotoxins are chemically activated by the human body and
therefore cannot be detected before consumption. Furthermore, the bioavailability and
toxicology of mycotoxins can vary depending on the food treatment and inter-individual
differences [24]. Therefore, conducting accurate risk assessments based solely on these data
is difficult. Human biomonitoring (HBM) offers a more direct method of investigation by
combining the levels of substances in internal body fluids with data on external sources
of exposure. HBM provides a more reliable assessment as it correlates mycotoxins with
specific disorders rather than focusing solely on food contamination. Ultra-high liquid
chromatography–tandem mass spectrometry (UHPLC-MS/MS) is a highly selective and
sensitive technology that can be used to analyze multiple chemically diverse mycotoxins
from complex biological matrices. Optimizing the extraction and clean-up steps is crucial
for implementing this multi-mycotoxin analytical method since mycotoxins have different
acid/base properties and cover a wide range of polarities [24,25].

The critical aspect of this work is the rational grouping to achieve the simultaneous
analysis of as many components of the same class as possible. During biomonitoring
studies, the presence of specific mycotoxins is often unpredictable. The availability of a
method capable of precisely quantifying a wide range of commonly occurring mycotox-
ins in the food supply has significantly lowered the cost of individual sample analysis
compared to methods that target a single mycotoxin. It allows for monitoring of large
number of samples (hundreds or thousands) to identify sub-populations that may exceed
recommended exposure guidelines.

The aim of this study was to develop a rapid, sensitive, accurate, and robust strategy
for the quantitative identification of 67 mycotoxins in human plasma, employing a combi-
nation of isotope dilution and internal standard quantification through UHPLC/MS/MS.
Specifically, isotope dilution mass spectrometry (IDMS) was utilized for approximately
40% of the analytes, mainly for those where reference standards were available, while the
remaining were quantified using internal standard methods. This approach allowed us
to include both traditional and emerging mycotoxins. The applicability of the improved
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UHPLC-MS/MS method was then demonstrated by analyzing plasma from 184 males
from China, including 89 infertile individuals and 95 fertile individuals. Finally, the study
investigated the correlation between male infertility and mycotoxin exposure. To the best
of our knowledge, this is the first study in China to evaluate exposure to 67 mycotoxins by
analyzing plasma samples from infertile males.

2. Materials and Methods
2.1. Materials and Equipment

The information about the types, molecular formulas, and structures of 67 mycotoxins
obtained from Romer Labs (Tulln, Austria) are shown in Tables 1 and S2. LC-MS grade
acetonitrile (ACN), 99% formic acid (FA), glacial acetic acid (HAc), ammonium acetate
(CH3COONH4), and ammonium formate (NH4HCO2) were supplied by Fisher Scientific
(Waltham, MA, USA). Ultrapure water was generated using a Milli-Q purification system
(Millipore, MA, USA). Captiva EMR-Lipid (1 mL) cartridges and Oasis PRiME-HLB (30 mg,
1 mL) cartridges were purchased from Agilent Technologies (Santa Clara, CA, USA) and
Waters (Milford, MA, USA), respectively.

Table 1. Group information for 67 mycotoxins and based on the pre-treatment steps.

Groups Analytes Abbreviation Analytes Abbreviation

A group

aflatoxin B1 AFB1 dihydrolysergol DH-LYS
aflatoxin B2 AFB2 elymoclavine Ecl
aflatoxin G1 AFG1 Ergine Ergine
aflatoxin G2 AFG2 ergocornine Eco
aflatoxin M1 AFM1 ergocorninine Econ
aflatoxin M2 AFM2 ergocristine Ecr
ochratoxin A OTA ergocristinine Ecrn
ochratoxin B OTB dihydroergocristine DH-Ecr
fumonisin B1 FB1 ergokryptine Ek
fumonisin B2 FB2 ergokryptinine Ekn
fumonisin B3 FB3 ergometrine Em

T-2 toxin T2 ergometrinine Emn
HT-2 toxin HT2 ergosinine Esn

T-2 triol toxin T2(OH)3 ergotamine Et
beauvericin BEA ergotaminine Etn
enniatin A EnA gliotoxin GLIO
enniatin A1 EnA1 mycophenolic acid MPA
enniatin B EnB penicillic acid PCA
enniatin B1 EnB1 roquefortine C RC
neosolaniol NEO sterigmatocystin STG

15-acetoxyscirpenol 15AS cyclopiazonic acid CPA
4,15-diacetoxyscirpenol DAS citrinin CIT

agroclavine Acl

B group

zearalanone ZAN altenuene ALT
zearalenone ZEN tenuazonic acid TeA

alpha-zearalenol α-ZEL altertoxin I AXT I
beta-zearalenol β-ZEL tentoxin TEN

alpha-zearalanol α-ZAL moniliformin MON
beta-zearalanol β-ZAL patulin PAT

alternariol AOH ochratoxin- alpha OTα
alternariol monomethyl

ether AME
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Table 1. Cont.

Groups Analytes Abbreviation Analytes Abbreviation

C group

deoxynivalenol DON nivalenol NIV
deoxynivalenol
3-glucuronide D3G 3-acetyldeoxynivalenol 3AcDON

deepoxy-deoxynivalenol DOM 15-acetyldeoxynivalenol 15AcDON
fusarenon-X FusX

IS

13C-aflatoxin B1
13C-AFB1

13C-sterigmatocystin 13C-STG
13C-aflatoxin B2

13C-AFB2
13C-citrinin 13C-CIT

13C-aflatoxin G1
13C-AFG1

13C-zearalanone 13C-ZEN
13C-aflatoxin G2

13C-AFG2
13C-patulin 13C-PAT

13C-aflatoxin M1
13C-AFM1

13C-alternariol 13C-AOH
13C-ochratoxin A 13C-OTA

13C-alternariol
monomethyl ether

13C-AME
13C-T-2 toxin 13C-T2 13C-tenuazonic acid 13C-TeA

13C-HT-2 toxin 13C-HT2 tentoxin-d3 TEN-d3
13C-fumonisin B1

13C-FB1
13C-deoxynivalenol 13C-DON

13C-fumonisin B2
13C-FB2

13C-deoxynivalenol 13C-D3G
13C-fumonisin B3

13C-FB3
13C-nivalenol 13C-NIV

13C-4,15-
diacetoxyscirpenol

13C-DAS
13C-3-

acetyldeoxynivalenol
13C-3AcDON

13C-mycophenolic acid 13C-MPA
13C-15-

acetyldeoxynivalenol
13C-15AcDON

13C-roquefortine C 13C-RC

Analyses were conducted using a SCIEX ExionLCTM AD liquid chromatography-
tandem triple QuadTM 7500 mass spectrometry (AB SCIEX, Framingham, MA, USA)
system. Data acquisition and processing were performed using the accompanying software
(AB SCIEX, Framingham, MA, USA, version 2.2).

2.2. Sampling

This observational study was conducted in the Beijing Obstetrics and Gynecology
Hospital, Capital Medical University. Adult males aged 21–49 years who underwent a
medical exam or attend an infertility clinic were included in this study. From December
2014 to August 2015, we recruited 184 subjects who met the inclusion and exclusion criteria.
The criteria for inclusion in the case (n = 89) and the control group (n = 95) are detailed in
Supplementary Materials. The study was approved by the ethics committee of the Beijing
Obstetrics and Gynecology Hospital, Capital Medical University (ethics number 20141201).
All participants signed written informed consents. Blood samples were collected after
overnight fasting using EDTA vacuum tubes by professional nurses. Plasma samples were
separated by centrifugation at 900× g for 15 min. Then, the plasma samples were aliquoted
and stored at −80 ◦C in freezers until analysis.

2.3. Sample Preparation

Group A. The corresponding 10 µL mixed isotope-labeled internal standard (IS) was
added to 0.1 mL of homogenized human plasma samples. After being shaken and mixed,
the mixture was incubated for 30 min at 25 ◦C. Next, 0.4 mL of ACN acidified by 0.1%
FA was added to the mixture for protein precipitation, ultrasounded for 20 min, and
centrifuged at 9600× g for 5 min. Following that, the supernatant was dried under nitrogen
at 40 ◦C and re-dissolved in 0.1 mL of ACN/water (1:9 v/v). The solution was mixed for
30 s using a vortex and centrifuged at 13,800× g for 10 min. The supernatant was then
taken for further analysis.

Group B. Initially, 10 µL of mixed isotope-labeled internal standard (IS) was added
to 0.1 mL of homogenized human plasma samples. The mixture was vigorously shaken
and then incubated at 25 ◦C for 30 min to ensure thorough integration of the IS. Following
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incubation, 0.4 mL of ACN/water (84:16, v/v) was added for protein precipitation. This
mixture was subjected to ultrasonication for 20 min and subsequently centrifuged at
9600× g for 5 min to separate the supernatant. For purification, the supernatant was
processed through Captiva EMR-Lipid cartridges. After the column effluent was collected,
1 mL of ACN/water (4:1, v/v) was passed through the column to elute any remaining
analytes. The eluates were combined, dried under nitrogen at 40 ◦C, and then reconstituted
in 0.1 mL of ACN/water (1:9, v/v). The final mixture was vortexed for 30 s and centrifuged
at 13,800× g for 10 min. The clear supernatant was then collected for further analysis.

Group C. The sample preparation process for Group C was similar to that of Group
B, with the primary difference being the purification step. Instead of Captiva EMR-Lipid
cartridges, PRiME-HLB cartridges were used for purifying the supernatants. After collect-
ing the column effluent, 1 mL of ACN was passed through the column to ensure complete
elution. The effluents were then combined and processed in the same subsequent steps as
in Group B.

2.4. UHPLC-MS/MS Analysis

A Poroshell 120 EC-C18 column (2.1 × 150 mm, 2.7 µm, Agilent, Santa Clara, CA, USA)
was selected for chromatographic separation. Detailed information on the applied mobile
phase gradients and optimization information about other chromatographic conditions
can be found in the Supplementary Materials, including the MS/MS, scheduled multiple
reaction monitoring (SMRM), and ion source parameters. Table S3 summarizes the MS
parameters of 67 mycotoxins and 27 labeled IS.

2.5. Method Validation

The validation of the method was conducted in compliance with the established
guidelines [26–28], and the specific indicators and methodology were as follows.

2.5.1. Selectivity and Limit of Quantitation (LOQ)

The selectivity determination of methodological refer to [29]. The LOQ was deter-
mined as the lowest concentration that satisfies a minimum signal-to-noise ratio of 10.

2.5.2. Carry-Over Effect and Linearity

Determination of carry-over effects and acceptable levels refer to the article of Ediage
et al. [30]. Matrix-matched calibration curves were prepared daily for the quantification
of mycotoxins in plasma, ranging from the LOQ to 100 times the LOQ, with a labeled
IS concentration set at 20 times the LOQ. Blank plasma was spiked with a combined
standard of mycotoxins to achieve a concentration of 100 times the LOQ for each mycotoxin.
The preparation of calibration curve samples, HPLC-MS/MS analysis, and calculations
were based on the method proposed by Slobodchikova et al. [31]. The selection of the
corresponding IS for each analyte is clearly presented in Table S3.

2.5.3. Trueness and Precision

Accuracy encompasses both trueness and precision, reflecting the influence of both
systematic and random errors. The trueness of the method was reflected in the average
recovery of 67 analytes at three spiked levels in the blank male plasma. Precision was
determined by analyzing the spiked samples for six replicates within a single day (intra-
day) and over three consecutive days (inter-day) and expressed in terms of the RSD. The
bias and RSD of validation samples should be within ±20% and less than 15%, respectively.

2.5.4. Recovery and Matrix Effect

The quality control (QC) samples were randomly prepared with plasma from 12 control
groups and stored at −80 ◦C before use. Three batches of validation samples at three levels
were prepared according to Yang et al. [32]. Briefly, 67 mycotoxins and IS were added in
mixed plasma from 12 individuals in control groups (set as A), in water (set as B), and
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post-protein precipitated in mixed plasma from 12 individuals in control groups (set as
C). The three batches were then treated and analyzed based on the optimal methods. The
recovery rate was calculated as the percentage of the ratio of A to C, and the matrix effect
was calculated as the percentage of the ratio of C to B.

2.5.5. Stability

Stability studies include long-term stability studies and short-term stability studies. In
the short-term stability test, the recovery of validation samples at 2-fold and 100-fold LOQ
were measured under different time-temperature combination conditions (in plasma: 4 ◦C
or 25 ◦C for 3 h, 6 h, 1 day, 3 days, and 5 days and three freeze-thaw cycles from −80 ◦C to
25 ◦C; post treatment: 4 ◦C for 120 h). The samples were stored at −80 ◦C for two months in
the long-term stability study, otherwise under the same conditions as in the short-term study.

2.6. Statistical Analysis

Categorical variables were presented as frequencies and percentages. The Shapiro–
Wilk test was used to examine the normality of the continuous variables. Each mycotoxin
concentration exhibited a skewed distribution; therefore, the median and interquartile
range were used to describe the mycotoxin concentrations. Chi-squared or Fisher’s exact
tests were applied to compare the differences in mycotoxin detection rates between the
case and control groups. The concentrations of mycotoxins with positive detection rates
of more than 70% were compared, and the concentrations below the detection levels were
imputed using 50% of the LOD. The Spearman correlation analysis was used to analyze the
correlations between different mycotoxins. All statistical analyses were performed using
StataMP version 16.0 and R 4.2.2.

3. Results and Discussion
3.1. Optimization of Mobile Phase

During the quantitative analysis of compounds in complex biological matrices, efficient
chromatographic separation is important to avoid ionization interference of the MS source
and to enhance the sensitivity and accuracy of the entire analysis. Thus, effects of mobile
phase composition on the chromatographic performance were investigated. Figure 1
shows the ratio of the peak area of each analyte under process conditions to the peak area
under the final optimization conditions. As shown in Figure 1A, an acidic mobile phase
generated abundant hydrogen ions, which assisted the positive ionization and enhanced
the sensitivity of detection of most analytes in group A, such as OTs, FBs, and AFs. The FA
(green and blue dot) was more effective compared to the weaker acid HAc (orange dot). An
increase in FA concentration from 0.1% to 0.2% improved the peak shapes and sensitivity of
detection of FBs and some emerging mycotoxins, including ergot alkaloids, MPA, STG, and
GLIO. However, this change suppressed the signal intensity of some important mycotoxins,
including AFs and OTs. Therefore, the optimal concentration of FA was set as 0.1%. Notably,
this mobile phase composition did not lead to sufficient signal intensity for the detection of
T2, HT2, and some emerging mycotoxins, such as BEA, enniatins, DAS, NEO, and 15AS.

When NH4HCO2 was included in the mobile phase, the signal intensities of the
NH4

+ adducts produced were higher than those of the H+ adducts. However, higher
concentrations of NH4HCO2 inhibited the ionization of most regulated mycotoxins, such
as AFs, OTs, and FBs, which is consistent with the results of Qiu et al. [33]. Moreover,
all mycotoxins exhibited maximum signal intensities when mobile phase (A) consisted
of 1 mM NH4HCO2 with 0.1% FA in aqueous solution and mobile phase (B) was ACN.
Although CPA analysis under neutral conditions led to tailing peaks, sharp peaks and
good separations were obtained using the optimized acidic mobile phase. However, the
signal intensities of most compounds in group B were suppressed in acid or alkaline media.
Previous studies reported that the addition of CH3COONH4 in the mobile phase could
improve the sensitivity of detection of ZEN and its derivatives and peak shapes of several
Alternaria toxins [34,35]. Results showed that the combination of 0.1 mM CH3COONH4
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(A) and ACN (B) markedly enhanced the signal intensities of most target components and
eliminated the tailing peaks of TeA and PAT (Figure 1C). Thus, 0.1 mM CH3COONH4 and
ACN were selected as the mobile phase with the best-balanced performance.
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Figure 1. Effects of different mobile phase conditions on peak areas. (A) 45 mycotoxins of group A.
(B) 15 mycotoxins of group B. (C) 7 mycotoxins of group C (n = 3). The concentrations of mycotoxins
in the samples were as follows: Acl, Ecl, Em, Esn, CPA, STG, EnA1, EnB, EnB1, Ergine, Econ, Etn,
OTA, OTB, AFM1, and AFM2: 0.5 ng/mL. Ek, Ekn, Emn, MPA, NEO, RC, T2, DH-Ecr, EnA, and BEA:
1 ng/mL. 15AS, AFB1, AFB2, AFG1, AFG2, Ecr, Ecrn, Eco, T2(OH)3, AME, ZEN, AXT I, OTα, DAS,
DH-LYS, Et, and FB3: 5 ng/mL. ALT, TeA, FB1, FB2, HT2, PCA, CIT, AOH, TEN, α-ZAL, β-ZAL,
α-ZEL, β-ZAL, ZAN, and D3G: 10 ng/mL. 3AcDON, FusX, NIV, GLIO, DON, DOM, and MON:
50 ng/mL. PAT, and 15AcDON: 100 ng/mL.

Regarding group C compounds, when HAc was used instead of FA at the same
concentration of 0.1%, the intensity of the analytes increased from 1.7-fold (for D3G) to
6.0-fold (for 3AcDON) (Figure 1B). The [M+CH3COO]− provided by HAc greatly enhanced
the ionization of the analytes. Upon reducing the concentration of HAc from 0.1% to 0.01%,
the signal intensity of 3AcDON increased by 1.8-fold. A further decrease from 0.01% to
0.005% improved all signal intensities, except for DON and FusX. However, the use of
0.005% HAc resulted in poor precision for all analytes, with the RSD of the peak area for the
tested mycotoxins (n = 3) ranging between 11% and 32%. On the other hand, the RSD was
between 1% and 4% when 0.01% HAc was used, and the signal intensities of all analytes
improved, while the peaks of NIV and D3G became sharper. Therefore, a 0.01% HAc
aqueous solution was chosen as mobile phase (A), and ACN was used as mobile phase (B)
for the group C compounds.
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3.2. Optimization of Ion Source Parameters

To further enhance performance, we manually optimized the key parameters that
impact the ionization procedure, such as ionization mode and the curtain gas, in a stepwise
manner. We conducted tests on the ion spray voltage (ISV) ranging from 1400 to 2600 V,
the source temperature ranging from 350 to 650 ◦C, and the pressures of the nebulizer gas
(gas1) and auxiliary gas (gas2) ranging from 30 to 80 ps. These ion source parameters had
varying effects on the peak areas of the 67 mycotoxins.

As shown in Figure 2A, the peak areas of FBs, T2, HT2, T2(OH)3, cyclohexaester
peptides (BEA and enniatins), and diacetoxyscirpenols (DAS, NEO, and 15AS) substantially
increased with each increment of ISV. Conversely, the peak areas of AFs, STG, CPA, MPA,
CIT, PCA, and RC slightly decreased. Regarding OTs, ergot alkaloids, and their respective
inin-epimers, their optimal ISV value was achieved at 2000 V, with the peak areas diminish-
ing at both higher and lower ISV values. Hence, 2000 V was chosen as the ISV for analyzing
group A mycotoxins. While most analytes exhibited an increase in signal intensity with
rising temperature, T2, HT2, T2(OH)3, cyclohexaester peptides, diacetoxyscirpenols, and
GLIO displayed a significant decrease when the temperature surpassed 450 ◦C. Therefore,
450 ◦C was selected as the optimum temperature.

The peak areas of T2, HT2, T2(OH)3, diacetoxyscirpenols, and GLIO were directly
proportional to the pressure of gas1, whereas other analytes showed optimal sensitivity
when the pressure of gas1 reached 40 psi. As the pressure of gas2 increased, the peak areas
of most analytes also increased, except for cyclohexaester peptides and diacetoxyscirpenols,
which showed a decrease in sensitivity. To cater to the requirements of most mycotoxins, the
pressure of gas1 was maintained at 40 psi, while gas2 was kept at 80 psi. These conditions
provided adequate sensitivity of detection for all analytes. Concerning group B mycotoxins,
increasing the ISV value resulted in a uniform increase and subsequent decrease in the
peak area of all analytes (Figure 2B). The optimum performance was achieved at an ISV
of −1800 V at 500 ◦C, with gas1 and gas2 pressures set at 40 and 80 psi, respectively.
For compounds in group C, the relationships between the ion source parameters and the
response values of the analytes were similar to those in group B. Most compounds in
group C exhibited a slight increase in peak areas with increasing gas2 pressure, except for
15AcDON, which saw a decrease in the peak area (Figure 2B). Therefore, a moderate value
of 50 psi was used for the pressure of gas2.

3.3. Optimization of the Pre-Treatment Methods

Enhanced Matrix Removal-Lipid (EMR-Lipid) cartridges and PRiME Hydrophile-
Lipophile Balance (PRiME-HLB) cartridges are two novel polymer-based sorbent technolo-
gies that promise highly selective removal of phospholipids and proteins from complex
matrices [36]. The extraction solvent was optimized by considering the physical interac-
tions of mycotoxins with lipids and/or proteins in serum, as well as the wide range of log
p values (ranging from −1.9 to 4.74) of the 67 mycotoxins. Additionally, a SPE (PRiME-
HLB or EMR-Lipid) clean-up step was included to assess the efficiency of the combined
extraction steps in inhibiting the matrix interference and achieving satisfactory recovery for
all mycotoxins.

Concerning group A compounds, complex acidic analytes such as FBs and OTs ne-
cessitated a higher water content or a lower pH for efficient extraction. However, a higher
water content impeded the extraction of other analytes, leading to the conclusion that
pH adjustment is a preferable approach for optimizing extraction [37]. The use of FA-
acidified ACN as an extraction solvent significantly improved the recoveries of strongly
polar analytes such as FBs and OTA, which qualitatively matched the findings reported by
Arce-López et al. [36]. Nonetheless, FA concentrations exceeding 0.1% decreased the extrac-
tion efficiency. Notably, mycotoxins such as RC, STG, DAS, Ecl, Ergine, and PCA exhibited
recoveries below 80% or above 120%. The ME evaluation of these mycotoxins indicated
that these variations in recovery were a result of ionization suppression or enhancement,
rather than poor extraction. Satisfactory recoveries for these analytes were obtained after
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performing IS corrections, underscoring the necessity for quantitation using IS. Figure 3
presents a comparison of the RA and ME values obtained from different sample preparation
protocols for 45 group A mycotoxins.
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Figure 3. Assessment of the effects of solid-phase extraction purification on the matrix effects (A)
and apparent recovery values (B) of 45 mycotoxins in group A. The abbreviations in the illustration
are as follows: A: ACN; B: 0.1% FA ACN; C: 0.5% FA ACN; D: 1% FA ACN; E: water-ACN (16:84,
v/v); F: 0.1% FA ACN (16:84, v/v); G: 0.5% FA ACN (16:84, v/v); H: 1% FA ACN (16:84, v/v). The
concentration of each mycotoxin is described in the legend of Figure 1.

Regarding the analytes monitored in the negative ion mode for groups B and C, it
was found that an acidic extraction solvent was not suitable, and the lack of FA resulted in
substantial ME. To address this issue, an SPE cartridge was used to filter out impurities
in plasma, which improved the ionization of target mycotoxins by reducing the matrix
effect. However, a single column was not appropriate for both groups. The unsatisfactory
recovery rates (<70%) of ZAN (28–63%), AOH (10–33%), TeA (6–57%), MON (13–45%), and
PAT (8–61%) using PRiME-HLB (HLB) could be attributed to factors such as non-specific
adsorption and the limited retention capacity of reversed-phase hydrophobic sorbents
for highly polar analytes. In Figure S1, it can be observed that when ACN/water (84/16,
v/v) was used as the extraction solvent in combination with an EMR-Lipid SPE clean-up
step, the recoveries of all compounds in group B were above 70% before IS correction,
except for AOH (52.4%) and PAT (48.3%). Similarly, when ACN was used as an extraction
solvent followed by purification with an HLB cartridge, the recoveries of DON and its
derivatives were higher than 70% except for NIV (42.4%). These results indicate that most
mycotoxins exhibit poor recoveries due to their suppression of ionization, except for AOH,
PAT, and NIV, which had low extraction efficiency. Additionally, no interfering peaks
were detected at retention times and m/z channels that were similar to the mycotoxins
(Figure S2), demonstrating the selectivity of the method and absence of interference from
endogenous substances.
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3.4. Methodology Validation
3.4.1. LOQ and Selectivity

Supplementary Figure S2 shows the typical UHPLC-MS/MS chromatograms of the
validation samples prepared by spiking blank plasma at LOQ levels. The presence of a
labeled IS did not impart any measurable influence on the quantification of all analytes.
Despite the observation of some interfering peaks at the elution time of analytes, their
responses were significantly lower, and they accounted for far less than 20% of the response
shown at the LOQ level for each analyte. The labeled IS did not have any significant effect
on the quantification of all analytes. The signal-to-noise ratios of LOQ samples were more
than 11.3. The LODs ranged between 0.001 µg/L (Acl, Ecl, Em, Esn, EnA1, EnB, EnB1, CPA,
and STG) and 0.5 µg/L (PAT), with corresponding LOQs ranging between 0.002 and 1 µg/L.
Compared to previously reported methods of mycotoxin analysis, our method allows for
the detection of the largest number of analytes while also offering the highest reported
sensitivity. Notably, the LODs of FusX, OTB, NIV, T2, HT2, NEO, ZAN, and STG attained
with the proposed method were lower compared to those attained with a single method
that employed a clean-up step using EMR-Lipid [34]. This finding demonstrates the need
to design sample preparation methods that consider the physicochemical properties of
mycotoxins.

3.4.2. Carry-Over Effect and Linearity

There was no carry-over effect for all analytes. Satisfactory linearities were obtained
for all mycotoxins (R2 range of 0.9902–0.9999).

3.4.3. Trueness and Precision

As shown as Table S4, at three validation levels, the mean intra-day trueness ranged
from 82.7% to 116.6%, and intra-day precision ranged from 1.8% to 11.9% RSD, except for
Ecl (66.4% to 78.7%), DH-LYS (75.2% to 78.2%), PCA (72.5% to 77.4%), and EnA (117.1% to
129.8%). The analysis of 63 out of 67 mycotoxins met the trueness requirement and preci-
sion. The inter-day trueness ranged between 80.2–117.7%, while the precision ranged from
3.1–13.8% RSD. The results indicate that this method effectively analyzes trace concentra-
tions of mycotoxins.

3.4.4. Recovery and Matrix Effect

In Figure S1, when ACN/water (84/16, v/v) was used as the extraction solvent in
combination with an EMR-Lipid SPE clean-up step, the recoveries of all compounds in
group B were greater than 70% before IS correction, except for AOH (52.4%) and PAT
(48.3%). Similarly, when ACN was used as an extraction solvent followed by purification
with an HLB cartridge, the recoveries of DON and its derivatives in group C were higher
than 70%, except for NIV (42.4%). These results suggest that most mycotoxins show poor
recoveries due to their suppression of ionization, except for the low extraction efficiency of
AOH, PAT, and NIV. Due to the complexity of the matrix, the matrix effect values ranged
between 62.5% and 155.6%, while recovery values ranged between 59.6% and 146.4%,
indicating the need for IS compensation for accurate mycotoxins analysis. For the analytes
without commercially available standards, IS that showed comparable recovery values
were chosen as reference IS.

3.4.5. Stability

Data obtained from the short-term stability studies revealed an almost insignificant
degradation (<10%) of the different analytes at the different time-temperature combinations,
except for CIT, AFM1, AFB1, AFG1, and AFG2 for which the two-fold LOQ spiked analyte
concentrations were unstable after 6 h at 25 ◦C, and 10% to 20% of the initially spiked
analyte concentrations was lost (Figure S3). This result is in agreement with the study by
Ediage et al. [30]. The 120 h stability shows that very long analytical batches, suitable for
exposure monitoring studies, can be accommodated using the current method.
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Further short-term stability investigations carried out at temperatures of 4 ◦C and 25 ◦C
for durations of 1, 3, and 5 days revealed notable losses (Table S5). Specifically, samples stored
at 25 ◦C for 5 days exhibited a reduction of at least 20% in their initial analyte concentrations.
The analytes that underwent the most degradation were CIT, T2 toxins, HT2, AFM1, AFB1,
AFG1, AFG2, DON, and DOM (Figure S3). Remarkably, less than 30% of the initial T2 toxin
and AFG1 concentrations were retained after 5 days, regardless of the storage temperature.
In contrast, the non-polar analytes within the group (including ZAN, ZEN, OTA, and their
derivatives) demonstrated minimal degradation compared to the polar analytes such as DON
and its derivatives, across all time-temperature combinations.

In response to concerns regarding the potential effects of long-term storage on our
samples, it is crucial to note that our methodology required plasma samples to be thawed
on ice and promptly processed to mitigate degradation. For the long-term stability test,
minimal degradation (<5%) was observed in the various analytes after 2 months of storage
at −80 ◦C. This minimal change was corroborated by applying identical collection and
storage protocols to both control and case groups in the latter part of our study. This
approach was designed to ensure that any potential degradation effects were systematically
controlled and consistent across all samples, thus providing a reliable basis for our compar-
ative analysis. This synchronization in handling and storage mitigates the variability that
might otherwise arise from differential treatment of samples, allowing us to draw more
accurate inferences about the correlation between mycotoxin exposure and male infertility.

3.5. Detection of Mycotoxin Levels in Plasma Samples

Mycotoxins are lipophilic and can attach to proteins in plasma, allowing them to
persist in organisms for long periods of time after chronic exposure [38]. The presence
of mycotoxins in urine is usually a sign of recent ingestion, whereas the presence of
mycotoxins in plasma is more closely associated with long-term exposure [39]. Therefore,
compared to urine, plasma samples are more suitable for biological monitoring, permitting
the generation of more comprehensive and reliable data for the creation of risk assessments.
The UPLC-MS/MS chromatograms of blank plasma samples and plasma matrices spiked
with standards representing the 67 mycotoxins are presented in Figure S2. The mycotoxin
contents in plasma from 184 human male subjects are shown in Table S6. Among the
67 analyzed mycotoxins, 16 of the 28 traditional mycotoxins and 24 of the 39 emerging
mycotoxins were detected in the plasma samples. The most prevalent mycotoxins included
both traditional mycotoxins (OTB at 100% and OTA at 98.4%) and emerging mycotoxins
(CIT at 79.3%, EnB at 77.2%, BEA at 68.5%, and CPA at 44.6%), suggesting the widespread
exposure of both traditional and emerging mycotoxins in male plasma.

The prevalence of these analytes in various foods has become increasingly well estab-
lished. Globally, OTA contamination has been frequently documented in raw agricultural
products, including grain, coffee, peas, and meat [40,41]. In 2017, a report on OTA con-
tamination detection in rice samples from various regions in Africa showed that out of
4000 samples, the OTA content in raw and processed grains exceeded 38% and 29%, respec-
tively, with the highest level of OTA content being 1164 µg/kg [42]. A study performed
in Tehran, Iran, reported similar results, with 69 out of 100 rice samples containing OTA.
In previous studies, CIT has been detected in various plant-based food commodities, par-
ticularly in cereals, fruit, and vegetables [43]. Qiu et al. revealed that more than 80% of
the 13 types of food samples in the 6th China Total Dietary Study were contaminated
with mycotoxins [33]. In our results, the most frequently detected mycotoxins were BEA
and EnB.

In Figure 4, it is observed that OTs, FBs, and DONs were identified as the most abun-
dant traditional mycotoxins, with an average combined contribution ratio from 12.0% to
69.2% of the total of traditional mycotoxins. Additionally, penicillins (CIT, PAT, and PCA),
cyclohexaester peptides (EnB, BEA, EnB1, and EnA1), MPA, and GLIO were the predom-
inant emerging mycotoxins, with a combined average contribution ratio of 12.5–43.3%.
Apart from these mycotoxins, which consistently occurred at relatively high concentrations,

35



Toxics 2024, 12, 395

the remaining detectable mycotoxins were present in low concentrations, collectively con-
tributing to less than 6% of the total mycotoxin burden. Despite their low concentrations,
some mycotoxins, including two emerging mycotoxins (ergot alkaloids at 50.5% and CPA at
44.6%), were detected more frequently, suggesting their widespread occurrence in common
foods. The high detection rate of ergot alkaloids was mainly derived from Esn (23.9%), Acl
(14.1%), and DH-LYS (13.6%), whereas CPA was detected individually.
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Figure 4. Prevalence and composition profiles of mycotoxins in plasma samples collected from
184 Chinese males. (A) Detection frequency of both traditional and emerging mycotoxins. (B) Abun-
dance levels of traditional and emerging mycotoxins.

3.6. Analysis of Major Co-Exposure Mycotoxins

Figure S4 shows representative MRM chromatograms of the positive samples. The
results indicate that all participants were exposed to a minimum of two different myco-
toxins. Interestingly, the plasma from one infertile participant was found to contain at
least 14 mycotoxins. The established mycotoxins OTA, AFB1, FB1, and DON are known to
induce negative reproductive effects, including reductions in the weight of reproductive
organs, daily sperm production, epididymal sperm count, and the numbers of viable and
motile sperm [44–47]. The emerging mycotoxins CIT and CPA have exhibited similar
effects. CPA has been shown to decrease the sperm quality and rates of in vitro fertilization
success in mice, and it has been found to induce p53-dependent apoptosis in the testis
of mice [48–50]. Among all the detected mycotoxins, OTA, OTB, EnB, and CIT exhibited
detection frequencies higher than 70%.

As shown in Figure 5A, positive concentration correlations were observed between
OTA and OTB (r = 0.72, p < 0.01), OTA and EnB (r = 0.36, p < 0.01), OTA and CIT (r = 0.21,
p < 0.01), OTB and CIT (r = 0.22, p < 0.01), OTB and EnB (r = 0.33, p < 0.01), and EnB and CIT
(r = 0.17, p < 0.05), indicating that these mycotoxins co-migrate in some common food
sources. These results were consistent with Gupta et al., who determined that Penicillium
and Aspergillus spp. can produce both OTs and CIT. This co-production means that co-
exposure to these mycotoxins is common in foods. Out of 250 grain samples, five contained
OTA (147 ± 7.9 µg/kg), CIT (49 ± 1.9 µg/kg), and OTB (1.2 ± 0.7 µg/kg) [48]. Previous
studies have also reported that fungi of the genus Penicillium can degrade CIT, leading to the
production of OTA. Consequently, the European Union and other interntional organizations
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have warned that the chronic toxicity of such emerging toxins and the synergistic toxicity
of co-exposure with traditional toxins may pose a threat to human health.
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Figure 5. Multivariate statistical analysis of mycotoxin levels in plasma samples. (A) Heatmaps
for Spearman’s correlation coefficients between concentrations of metabolites in plasma samples.
(B) VIP bar plot of mycotoxins based on the OPLS-DA model. (C–E) Boxplot of the plasma levels
of mycotoxins (CIT, OTA, and OTB) with a high (>70%) incidence between normal and infertile
male plasma.

The mean OTA concentration (0.904 µg/L) and range (0.117–14.103 µg/L) observed in
infertile males in this study were similar to those reported in a survey on rural residents
aged 18 to 66 years in China and to those observed in ill children in Spain [36,51]. OTα, a
metabolite of OTA, was not detected in plasma; the same results were reported in studies of
Chinese, German, and Belgian populations [24,51,52]. This is not surprising because OTα
is mainly excreted in urine as glucuronide or sulfate conjugates [49,50]. Furthermore, little
attention has been paid to OTB exposure, mainly because previous studies have reported a
relatively low incidence of 11.4% [37]. In contrast, our results suggest that the incidence of
exposure to OTB is 100%, with our method exhibiting an LOD for OTB detection that is
approximately 200-fold lower compared to that of the method used by López et al. [37].
It is possible that the relative insensitivity of their method resulted in a high number of
false negative results in Spanish children. It should be noted that the mean concentrations
obtained in the two studies were similar, 0.22 and 0.57 µg/L, respectively.

The incidences of DON and its derivatives were low in plasma samples, except
for FusX, even though their LODs were improved by choosing [M+CH 3COO]− as the
precursor ion. This result is consistent with previous studies on German subjects, in
which DON and especially its phase II metabolites were often detectable in urine [53,54],
suggesting a rapid excretion of these compounds. To our knowledge, our study is the first
to report on plasma exposure to FusX. FusX was detectable because the LOD of our method
(0.05 µg/L) is substantially lower than that of the method described by Arce-López et al.
(1.95 µg/L) [37]. In addition, it may be that FusX is either produced internally from DON
or obtained directly from food or the environment, as it readily accumulates in the plasma
and is excreted from the body relatively slowly.
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Several HBM studies have revealed a high incidence of CIT in plasma. For example,
a study on plasma samples from 104 young adult patients in Bangladesh revealed an
incidence of 90%, with a mean plasma concentration of 0.22 µg/L [55]. Similarly, a study in
the Czech Republic showed that 100% of subjects with renal tumors were CIT-positive, with
a mean concentration of 0.061 µg/L. In a study on subjects from Tunisia, the prevalence
was slightly lower at 36%, whereas in our study, the mean concentration was higher at
0.49 µg/L. Our study aligns more closely with a high prevalence of CIT exposure [56]. The
high incidence of EnB observed in our study was also consistent with a study on healthy
German volunteers [52]. Thus, the present study confirms the emergence of CIT and EnB
as critical toxins in plasma and provides novel information on other emerging mycotoxins
such as BEA and CPA.

3.7. Analysis of Potential Correlation between Mycotoxin Exposure and Infertility

Co-exposure to multiple mycotoxins was frequent among both control and infertile
subjects. The most common result was co-exposure to 7–14 mycotoxins. Notably, this find-
ing occurred more frequently among individuals in the infertility group (60%) compared to
those in the control group (44%), indicating a strong correlation between multi-exposure
and infertility. According to the variable importance of the projection values (VIP) bar plot
of mycotoxins selected based on the orthogonal partial least square discriminant analysis
(OPLS-DA) model, OTA, OTB and CIT exposure contributed the most to infertility outcome
(Figure 5B). The prevalence levels of FusX, ergot alkaloids, Esn, and MPA in the infertility
group (19%, 59%, 34%, and 9%, respectively) were notably elevated compared to those
observed in the control group (8%, 43%, 15%, and 1%, respectively; p < 0.05). However, as
these mycotoxins were monitored in a human biological matrix for the first time, the rela-
tionship between their occurrence or levels and specific diseases has not been well-studied.
It is worth noting that the rate of detection of CPA in infertile male samples (47.2%) was
higher than in fertile male samples (42.1%). Additionally, as mentioned above, several
studies have demonstrated the harmful effects of CPA on spermatogenesis. Therefore,
further studies on the dose-effect relationship of CPA exposure and the pathogenesis of
male infertility are warranted.

The Mann–Whitney U test was used to conduct inter-group comparisons of the plasma
levels of mycotoxins that were found in more than 70% of the samples (Figure 5B–D). The
median values of OTB, OTA, and CIT levels in the infertility group (0.095, 1.070, and
0.329 µg/L, respectively) were higher than those in the control group (0.066, 0.760, and
0.198 µg/L, respectively). All these three mycotoxins showed the highest levels in samples
from the infertility group. When the concentrations were analyzed as continuous variables,
significant differences were observed between the two groups (all p < 0.05). Interestingly,
OTB, OTA, and CIT, which were elevated in infertile male subjects, are known to induce
reproductive and significant renal toxicities. They have been reported as the cause of kidney
diseases in humans and animal models [57–60]. The apparent toxicity of these mycotoxins,
coupled with their high prevalence and concentrations in infertile male subjects, necessitates
further research on the toxicity of OTs and CIT alone and in combination in infertile men.
As for EnB, another mycotoxin with a high incidence, measured concentrations ranged
between 0.002 and 0.037 µg/L in the infertility group and 0.002 and 0.147 µg/L in the
control group. No statistical difference was observed between the two groups, suggesting
that EnB does not significantly contribute to male infertility.

4. Conclusions

This study has successfully developed a comprehensive UHPLC-MS/MS method for
the quantitative analysis of 67 mycotoxins in plasma, showcasing its sensitivity, accuracy,
and robustness. Our findings underscore the significance of investigating the link between
mycotoxin exposure and male infertility, particularly focusing on specific reproductive
toxins that could impair reproductive health. Despite the potential association suggested
by our results, establishing a definitive connection requires more conclusive evidence.
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The role of environmental factors in male fertility is critical, as adverse conditions
can significantly impact reproductive capabilities [61]. It is essential to acknowledge
that male infertility likely results from the complex interplay of multiple environmental
factors, rather than mycotoxins alone. Consequently, further research is needed to validate
our findings, understand the underlying mechanisms, and assess the broader impact of
environmental toxins on fertility. Expanding the scope of our study to include diverse
sample types and larger populations from various geographic regions will help provide
a more comprehensive understanding of these interactions and support more definitive
conclusions.
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Abstract: Polyvinyl chloride microplastics (PVC-MPs) are microplastic pollutants widely present in
the environment, but their potential risks to human lung health and underlying toxicity mechanisms
remain unknown. In this study, we systematically analyzed the effects of PVC-MPs on the transcrip-
tome and metabolome of BEAS-2B cells using high-throughput RNA sequencing and untargeted
metabolomics technologies. The results showed that exposure to PVC-MPs significantly reduced
the viability of BEAS-2B cells, leading to the differential expression of 530 genes and 3768 metabo-
lites. Further bioinformatics analyses showed that PVC-MP exposure influenced the expression of
genes associated with fluid shear stress, the MAPK and TGF-β signaling pathways, and the levels
of metabolites associated with amino acid metabolism. In particular, integrated pathway analysis
showed that lipid metabolic pathways (including glycerophospholipid metabolism, glycerolipid
metabolism, and sphingolipid metabolism) were significantly perturbed in BEAS-2B cells following
PVC-MPs exposure. This study provides new insights and targets for a deeper understanding of
the toxicity mechanism of PVC-MPs and for the prevention and treatment of PVC-MP-associated
lung diseases.

Keywords: microplastics; polyvinyl chloride; BEAS-2B; multi-omics; lipid metabolism

1. Introduction

Plastic products are widely used in a variety of fields, including healthcare, construc-
tion, and textiles, due to their low weight, durability, ease of processing, and low cost [1–4].
The global production of plastics is increasing dramatically each year, reaching 400 million
tons in 2020, a figure that is expected to double over the next 20 years [5,6]. Because plastics
typically take hundreds to thousands of years to degrade, they tend to accumulate in the
environment, stemming from various sources [7,8]. Microplastics (MPs) are plastic particles
with a diameter of less than 5 mm [9] that may come from the natural decomposition
of plastic waste [10] or the use of daily necessities [11]. Reports from the World Health
Organization (WHO) indicate the ubiquitous presence of microplastics in the ocean, air,
soil, food, and beverages [12]. This could have long-term impacts on the environment and
human health, creating a global cause for concern [13].

Currently, most studies have focused on microplastics in the marine environment,
while relatively few studies have been conducted on atmospheric MPs [14]. Recently,
attention has been focused on atmospheric microplastics, especially in light of concerns
about human lung health and exposure outcomes. It has been reported that the per
capita inhalation of 26–130 MPs particles per day from the air can pose a significant
health risk to humans, especially for vulnerable groups like newborns and children [15].
Some exposure models have shown that moderately active males inhale up to 272 MPs
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particles per day [16]. After entering the human body, MPs may cause a number of chronic
respiratory diseases [17]; affect gastrointestinal peristalsis [18]; and deposit on the surface
of tissues or within cells, stimulating an inflammatory response, which can threaten human
health [19]. Polyvinyl chloride (PVC), a prominent type of MP, is extensively used in toys,
food packaging and cling film, squeeze bottles, shampoo bottles, detergent and cleaner
bottles, medical supplies, construction products, etc. [20], with rising atmospheric levels
due to atmospheric transport [21]. Recent studies have shown that exposure to PVC affects
liver function, intestinal flora, lipid metabolism, and oxidative stress [22,23]. However, the
molecular mechanisms underlying PVC-MP-induced cytotoxicity remain largely unknown.

Finite-element computer simulation approaches [24] and nanotechnology techniques [25]
have been used to monitor the distribution and behavior of microplastics in the environ-
ment. However, these techniques have certain limitations, such as the need for large
datasets associated with computationally costly resources or the complexity of the cali-
bration step prior to data collection, respectively. In the face of these challenges, high-
throughput techniques offer new solutions. Compared to traditional methods, high-
throughput techniques are able to process large numbers of samples much more quickly,
thus enabling the systematic analysis of toxicants in toxicology. Transcriptomics can iden-
tify alterations in total transcripts and screen key genes and pathways under stress [26].
Metabolomics allows the study of small-molecule metabolites and chemical reactions in
cells or organisms, reflecting cellular physiology and revealing the biochemical dimension
of biological information [27]. Metabolomics is the most accurate phenotypic-histologic
approach and contains all the information on genetic regulation and expression regula-
tion [28]. The integration of transcriptomics and metabolomics offers a comprehensive
characterization of cellular responses and helps to reveal the mechanisms of action of
toxicants [29]. Utilizing these two approaches, it was found that polystyrene MPs caused
endothelial cell (EC) injury and led to abnormal changes in alanine, aspartate, glutamate,
and sphingolipid metabolism [30]. Similarly, multi-omics techniques revealed that human
hepatic cells are affected by the toxicity of anthracene and its chlorides [31]. These studies
demonstrate that multi-omics analyses are effective in identifying and linking molecules
affected by chemical substances, revealing the underlying toxicological mechanisms.

In this study, we utilized a multi-omics approach to investigate the toxicity of PVC-
MPs toward BEAS-2B cells, a respiratory cell line that is a major exposure target and toxicity
model for MPs [19,32,33]. We revealed the key factors of PVC-MPs affecting cytotoxicity by
integrating transcriptomics and metabolomics data.

2. Materials and Methods
2.1. PVC-MPs Characterization

PVC-MPs were purchased from Xingxiang New Materials Co., Ltd. (Dongguan,
China). The morphology of PVC-MPs was examined via scanning electron microscopy
(SEM) (SU5000, Hitachi, Japan). The average hydrodynamic size and zeta potential of
PVC-MPs were measured using a Malvern Zetasizer Nano ZSP (Malvern Panalytical Ltd.,
Malvern, PA, USA).

2.2. Cell Culture and Cytotoxicity Testing

The BEAS-2B cell line was purchased from the American Type Culture Collection
(ATCC). Cells were cultured at 37 ◦C and in 5% CO2 in a complete medium containing
10% fetal bovine serum (FBS), 4.5 g/L of D-glucose and L-glutamine, and 110 mg/L of
sodium pyruvate. The effects of different concentrations of PVC-MPs on BEAS-2B cell
viability after 24 h of exposure were assessed using a CCK-8 Cell Counting Kit (Vazyme,
A311-02, Nanjing, China). The CCK-8 assay is more convenient and sensitive than the NRU
assay and MTT assay. In this assay, the optical density (OD) value of methylated waste is
measured at 450 nm using an enzyme marker, allowing for rapid assessment of cellular
activity [34,35]. However, the CCK-8 assay can only be performed at a single time point,
and colored drugs may interfere with the readings [36].
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2.3. Transcriptomics Analysis

Total RNA was extracted from BEAS-2B cells in treated (800 µg/mL) and control
groups with three biological replicates (n = 3) using TRIzol Reagent (LifeTechnologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The concentration and
integrity of RNA were determined using a NanoDrop 2000 (Thermo Fisher Scientific,
Wilmington, DE, USA) and an Agilent Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA) to detect the concentration, purity, and integrity of RNA. A total
of 1 µg per sample was used to start library construction. Then, sequencing libraries were
generated using the Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for Illumina
(Yeasen Biotechnology (Shanghai) Co., Ltd., Shanghai, China) with a dual-mode approach:
firstly, mRNA enrichment with magnetic beads was used to enrich mRNA; then, USER
enzyme was used to cut the hairpin loop structure; and, finally, PCR amplification and
magnetic beads were used for purification. Paired-end sequencing was performed by using
the Illumina NovaSeq platform to generate a 150-bp sequence. Differential expression
analysis was performed on both groups using DESeq2, differentially expressed genes were
identified using a negative binomial distribution model, and p-values were corrected using
the Benjamini and Hochberg method. Differentially expressed genes (DEGs) were screened
for fold change ≥1.5 and p-value < 0.05. Functional and pathway analyses of DEGs were
conducted using the GO and KEGG databases.

2.4. Untargeted Metabolomics Analysis

Metabolites were extracted from BEAS-2B cells and divided into treated (800 µg/mL)
and control groups with 6 biological replicates each (n = 6). To the samples, 1000 uL of
extraction solution (methanol, acetonitrile, and water = 2:2:1 (v/v)) containing an isotope-
labeled internal standard mixture was added. The samples were frozen in liquid nitrogen
for 1 min and then thawed and vortexed at 4 ◦C for 30 s. The procedure was repeated
2–3 times, followed by sonication in an ice-water bath for 10 min, resting at −40 ◦C for
1 h, and centrifugation at 12,000 rpm for 15 min at 4 ◦C, and the supernatant was extracted
for the assay. A Waters ACQUITY UPLC BEH Amide column was used as the chromato-
graphic column on a Vanquish ultra-performance liquid chromatograph. The primary and
secondary mass spectral data were obtained using an Orbitrap Exploris 120 mass spectrom-
eter. Data were converted to the appropriate format using ProteoWizard software (Palo
Alto, CA, USA), and peak localization, peak extraction, peak alignment, and integration
were performed using the R program package. The data were normalized using internal
standards (ISs). Data were logarithmically (LOG) transformed and centered (CTR) using
SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). VIP > 1 and
p-value < 0.05 were used as criteria to screen for differentially expressed metabolites (DEMs)
between groups. Pathway enrichment analysis was performed using the MetaboAnalyst
5.0 platform (http://www.metaboanalyst.ca/) (accessed on 20 March 2024).

2.5. Multi-Omics Analysis

Transcriptomics and metabolomics data were jointly analyzed using the Joint Pathway
Analysis Module of MetaboAnalyst 5.0, and p-value < 0.05 was used as a screening criterion
for significant enrichment of pathways. Metabolome–gene networks were displayed using
Metascape software 3.5.

2.6. Statistical Analysis

The data were statistically analyzed using Zetasizer software (version 7.01) and Graph-
Pad Prism software (version 10.2.3), and the results were presented as means ± SDs. Differ-
ences were assessed using the Student’s t-test or one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. p-value < 0.05 was considered significant.
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3. Results
3.1. Characterization of PVC-MPs

In this study, we examined the morphology, size, and zeta potential of PVC-MPs to
characterize them. The SEM images showed that PVC-MPs were spherical and aggregated
into different sizes (Figure 1A). The average hydrodynamic size of the PVC-MPs in the
medium was 1232 ± 70 nm (Figure 1B). The specific characterization results regarding
the zeta potential of PVC-MPs are shown in Table 1. PVC-MPs of different concentrations
showed negative charges in DMEM medium, indicating that they tend to repel each other
and do not auto-aggregate.

Figure 1. Characterization of PVC-MPs in suspension. (A) SEM images of PVC-MPs. (B) The
physicochemical characterization of particle size. (C) Change in cell viability after exposure to
different concentrations of PVC-MPs for 24 h. Results are shown as means ± SDs (n = 3 samples per
treated group). ns (non-significant); * p-value < 0.05; *** p-value < 0.001.

Table 1. Zeta potentials of different concentrations of PVC-MP dispersions in DMEM medium.

Concentration (µg/mL) Zeta Potential (mV)

100 −27.53
200 −25.17
400 −25.10
600 −25.52
800 −31.83

3.2. Cytotoxicity Effects of PVC-MPs on BEAS-2B Cells

We evaluated the toxicity of PVC-MPs toward BEAS-2B cells with different doses (100,
200, 400, 600, and 800 µg/mL) for 24 h. As shown in Figure 1C, cell viability experiments
showed that PVC-MPs significantly induced cytotoxicity at 200 µg/mL in a dose-dependent
manner (p-value < 0.05). Overall, the above results indicated that the PVC-MPs adversely
affected the BEAS-2B cells.
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3.3. Transcriptomics Analysis of BEAS-2B Samples Exposed to PVC-MPs
3.3.1. Screening and Analysis of Differentially Expressed Genes

In this study, transcriptomic techniques were employed to analyze the gene expression
changes in BEAS-2B cells following their exposure to PVC-MPs. After screening, we
obtained a total of 530 DEGs, of which 282 were up-regulated and 248 were down-regulated
(Figure 2A). The results showed that PVC-MPs had a significant effect on gene expression
in BEAS-2B cells. Euclidean clustering analysis of the DEGs showed that there was a
significant difference in gene expression patterns between the PVC-MP-exposed and control
groups (Figure 2B).

Figure 2. Transcriptomic analysis of BEAS-2B cells after their exposure to 800 µg/mL of PVC-MPs for
24 h. (A) Volcano plot of DEGs (blue, downregulated genes; red, upregulated genes). (B) Hierarchical
clustering based on DEGs (blue, downregulated; red, upregulated). (C) GO enrichment analysis of
DEGs. (D) KEGG pathway enrichment analysis of DEGs.

3.3.2. GO and KEGG Analysis

Gene Ontology (GO) analysis, a gene ontology-based method, categorizes genes into
biological processes (BPs), cellular components (CCs), and molecular functions (MFs),
aiding in the understanding of gene functions and interactions [37]. Figure 2C shows the
enrichment of DEGs in the three GO categories. In the BP category, DEGs were mainly
enriched in positive regulation of the nitric oxide metabolic process and positive regulation
of the reactive oxygen species biosynthetic process. In the CC category, DEGs were mainly
enriched in cell junction and collagen trimer, and in the MF category, DEGs were mainly
enriched in heparin binding and signaling receptor binding. Furthermore, to explore the
relationship between DEGs and cellular functions, we performed an enrichment analysis
of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. KEGG is a database
that collects and provides chemical, genomic, and functional information about biological
systems, enabling the annotation of gene functions and metabolic pathways [38]. In this
analysis, the q-value was used to indicate enrichment significance, with a lower q-value
denoting higher significance. The results showed that DEGs were mainly involved in
20 pathways, among which the fluid shear stress and atherosclerosis pathway was the
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most highly enriched (Figure 2D). In addition, the MAPK signaling pathway and TGF-beta
signaling pathway were also significantly enriched.

3.4. Metabolomics Analysis of BEAS-2B Samples Exposed to PVC-MPs
3.4.1. Multivariate Analysis

In this study, we analyzed the control and treated groups using untargeted metabolomics.
First, we downscaled the data using principal component analysis (PCA) to show the
overall characteristics of the data and sources of variation. As shown in Figure 3A, the PCA
scatterplot clearly showed the differences between the two sample groups. Then, we used
OPLS-DA to screen for metabolites associated with categorical variables. Similarly, the
OPLS-DA plot showed significant differences between the PVC-MP metabolomics dataset
and the control group (Figure 3B). Finally, we verified the quality of the model using a
permutation test (n = 200). The results showed that the OPLS-DA model exhibited values
of Q2 = 0.849 and R2Y = 0.988 (Figure 3C), indicating that the model had high stability
and reliability.

Figure 3. Multivariate analysis of metabolomics data on BEAS-2B cells after 24 h of exposure to PVC-
MPs. (A) Scatter plot of PCA for metabolomics data. (B) Plot of OPLS-DA scores for metabolomics
data. (C) Plot of the results of the permutation test for OPLS-DA modeling.

3.4.2. Screening and Analysis of Differentially Expressed Metabolites

We used a p-value < 0.05 and VIP > 1 as screening criteria for DEMs and used vol-
cano plots to demonstrate metabolite changes and significance. As shown in Figure 4A,
3768 DEMs were significantly changed, among which 1918 were up-regulated and 1850
were down-regulated. We also analyzed the expression patterns of DEMs using the Eu-
clidean distance matrix and fully interlocked clustering and found that there were signifi-
cant differences between groups (Figure 4B).

48



Toxics 2024, 12, 399

Figure 4. DEMs of BEAS-2B cells affected by exposure to PVC-MPs. (A) Volcano plot of DEMs (blue,
downregulated metabolites; red, upregulated metabolites). (B) Hierarchical clustering of DEMs (blue,
downregulated; red, upregulated).

3.4.3. Metabolic Pathway Analysis

Using the KEGG Pathway database, we performed enrichment analysis of DEMs and
used bubble plots to show the enrichment results regarding the metabolic pathways (Fig-
ure 5A). The results showed that these DEMs were enriched in 43 pathways (Table S1). Of
these, valine, leucine, and isoleucine biosynthesis; glycolysis or gluconeogenesis; and pyru-
vate metabolism were the top three significantly enriched pathways, all of which are related
to amino acid metabolism. To further explore the interactions between metabolic pathways,
we also conducted a network enrichment analysis based on DEMs, including metabolic
pathways, modules, enzymes, reactions, and metabolites (Figure 5B), reflecting the interac-
tions and effects occurring between metabolic pathways as well as the propagation and
targeting of perturbations at the pathway level.

Figure 5. Pathway analysis of BEAS-2B cells exposed to PVC-MPs. (A) KEGG pathway enrichment
analysis of DEMs. Bubble color indicates the p-value of enrichment analysis, and bubble size indicates
the size of influencing factors in topology analysis. (B) Diagram of regulatory network analysis.
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3.5. Integrated Analysis of Transcriptomics and Metabolomics

To explore the biological significance of DEGs and DEMs, we utilized the Joint Path-
way Analysis module of MetaboAnalyst 5.0 for a comprehensive analysis. This analysis
revealed key metabolic pathways in PVC-MP-exposed BEAS-2B cells. We calculated the
p-value for each pathway using the hypergeometric test and illustrated the top 20 metabolic
pathways that DEGs and DEMs jointly mapped to, as shown in Figure 6A. This analy-
sis identified significant involvement of DEGs and DEMs in seven metabolic pathways
(Table 2, p < 0.05): glycerophospholipid metabolism; glycerolipid metabolism; valine,
leucine, and isoleucine biosynthesis; sphingolipid metabolism; terpenoid backbone biosyn-
thesis; synthesis and degradation of ketone bodies; and pyruvate metabolism. Among these,
glycerophospholipid metabolism was particularly perturbed, prompting us to construct
and visualize the metabolome–gene network for this pathway using Metscape software
(version 4.08) (Figure 6B). Additionally, we analyzed changes in matching metabolites
within glycerophospholipid metabolism by generating a heat map through Euclidean
clustering analysis (Figure 7).

Figure 6. Association analysis of multi-omics data. (A) Joint pathway analysis of DEMs and
DEGs using MetaboAnalyst 5.0. (B) Metabolite–gene network for glycerophospholipid metabolism
(from Metscape).

Table 2. Significant enrichment pathways for DEGs and DEMs.

KEGG ID Pathway p-Value

ko00564 Glycerophospholipid metabolism 0.0001756
hsa00561 Glycerolipid metabolism 0.0033649
ko00290 Valine, leucine, and isoleucine biosynthesis 0.0046556

map00600 Sphingolipid metabolism 0.0068775
map00900 Terpenoid backbone biosynthesis 0.021066
ko00072 Synthesis and degradation of ketone bodies 0.034016
ko00620 Pyruvate metabolism 0.043594
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Figure 7. Heatmap of 43 target glycerophospholipids generated via Euclidean clustering analysis.

4. Discussion

Microplastics, emerging environmental pollutants, are widespread worldwide. Stud-
ies have shown that airborne microplastic particles are capable of entering human lung
tissue [39]. The total amount of microplastics ingested and inhaled by humans from the
environment can be as high as 700–1050 µg per week [40]. In addition, numerous reports
indicate that microplastics may contribute to the development of lung diseases, especially
in individuals exposed to high levels over long periods of time [41]. Therefore, consider-
ing the total number of MPs accumulated and ingested in the human body over a long
period of time, we chose 800 µg/mL of PVC-MPs as the exposure concentration for our
experiment. At this concentration, BEAS-2B cells were exposed to PVC-MPs, and a detailed
exploration of the specific effects of PVC-MPs at the cellular molecular level was conducted
through high-throughput RNA sequencing and untargeted metabolomics analysis. We
found that PVC-MPs could induce a decrease in cell viability in a dose-dependent manner.
Previous studies have shown that PVC particles induce apoptosis in various cell types,
such as normal human lung fibroblast cells (IMR 90) [42], enterocytes and hepatocytes [43],
BHK-21 cells [44], and human lymphocytes [45]. Apoptosis has been reported to be a
complex process regulated by multiple cell-signaling pathways, involving the expression
and function of numerous genes and proteins [46]. Our study highlighted that the MAPK
signaling pathway and the TGF-beta signaling pathway are the primary pathways through
which PVC-MPs induce cellular responses. These two signaling pathways play pivotal
roles in proliferation, differentiation, and apoptosis across various cell lines [47–51]. TGF-
beta regulates the transcription of target genes by binding to their specific receptors and
activating downstream SMAD proteins [52]. Meanwhile, there is clear crosstalk between
the TGF-β and MAPK pathways and SMAD [53]. A study has demonstrated that both
MAPK- and TGF-β-related signaling pathways are activated in pristine graphene-treated
cells, leading to macrophage apoptosis [46]. In addition, in PVC-MP-treated cells, we
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observed an increase in the number of apoptotic genes in the MAPK signaling pathway
and TGF-beta signaling pathway, which confirms that PVC-MPs may affect apoptosis in
BEAS-2B cells at the transcriptome level.

Metabolomics analysis revealed the effects of environmental pollutants on organ-
isms, in which endogenous metabolites, as end products of gene expression, directly reflect
abnormal phenotypes of organisms [54]. In this study, we identified 3768 DEMs in PVC-MP-
induced BEAS-2B cells, which were mainly involved in regulating amino acid metabolism.
Amino acid metabolism can affect cellular metabolism and cellular processes at multiple
levels, involving multiple metabolic pathways and regulatory mechanisms [55]. In par-
ticular, the branched-chain amino acid (BCAA) biosynthetic pathway plays an important
role in protein synthesis and cell growth regulation [56,57]. Research has demonstrated
that BCAA can promote the survival of eukaryotic cells and prolong the lifespan of Sac-
charomyces cerevisiae [58]. Furthermore, glycolysis and gluconeogenesis serve as the
primary pathways for the cellular utilization and production of glucose, a crucial energy
source. During glycolysis, glucose is metabolized into pyruvate, which can either enter the
mitochondria to engage in the tricarboxylic acid (TCA) cycle, producing acetyl coenzyme
A in the presence of oxygen, or be converted into lactate anaerobically through lactate
dehydrogenase [59]. However, many diseased cells rely on aerobic glycolysis, known as
the “Warburg effect” [60]. A study found that excessive glycolysis led to mitochondrial
dysfunction and promoted the production of reactive oxygen species (ROS) [61], which led
to cellular oxidative stress and consequently affected cellular autophagy and apoptosis [62].
Another report showed that elevated levels of leucine, isoleucine, valine, and phenylala-
nine in a Mycobacterium tuberculosis (MTB)-infected C57Bl/6 mouse model suggested
that disorders of amino acid metabolism may be associated with alterations in multiple
metabolic pathways [63]. These results suggest that disrupted amino acid metabolism may
lead to imbalanced energy metabolism and apoptosis.

Multi-omics analysis is essential for understanding the biological mechanisms of
diseases and identifying biomarkers by revealing the interactions between genes, pro-
teins, metabolites, and microbiota [64]. This analytical approach dominates the study of
cellular function and has enabled the systematic and comprehensive elucidation of com-
plex biological processes by integrating different levels of biomolecular data [65]. In this
study, the integrated transcriptomics and metabolomics analysis conducted revealed that
lipid metabolism, encompassing glycerophospholipid metabolism, glyceride metabolism,
and sphingolipid metabolism, was the most critical pathway for metabolic changes in
BEAS-2B cells following exposure to PVC-MPs. Previous studies have demonstrated that
lipid metabolism is closely linked to processes such as cell growth, apoptosis, and in-
flammation [66], influencing the characteristics of cell membranes, leading to the onset
and progression of several diseases, including cancer [67]. Glycerophospholipid (GPL)
is the major structural lipid of cell membranes [68], and its synthesis and metabolism in
eukaryotes involve a variety of intermediates, such as phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), and lysophosphatidic acid (LPA), which play important roles in
cell signaling [69]. Moreover, alterations in GPL levels are important biological indicators
of lipid metabolism disorders [70]. In this study, we found that exposure to PVC-MPs
resulted in disturbed GPL metabolism in BEAS-2B cells, as evidenced by fluctuations
in the content of multiple glycerophospholipids in PC and PE intermediates, as shown
in Figure 7.

Environmental factors have had an important impact on lipid metabolism, with air pol-
lution, as an important environmental factor, being capable of disturbing lipid metabolism,
leading to lipid peroxidation, oxidative stress, and inflammatory responses, which can
increase the risk of developing chronic diseases [71]. Disturbances in GPL metabolism
have been observed following gastrointestinal exposure to airborne PM2.5 [72], as well
as perturbations in arachidonic acid and glycerolipid metabolism due to the exposure of
human bronchial epithelial cells to PM [73]. Furthermore, ceramide, a key molecule in
sphingolipid metabolism, has been shown in various IR models to be strongly associated
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with apoptosis induced by mitochondrial damage [74]. Recent studies have also demon-
strated that abnormal sphingolipid metabolism induces apoptosis in a variety of cells,
including CNE-2 cells and breast cancer cells [75–77]. In this study, we found that the levels
of sphingomyelin (SM) were upregulated in sphingolipid metabolic pathways, including
SM (d16:1/24:1(15Z)), SM (d18:1/12:0), SM (d18:0/14:0), and SM (d18:1/14:0). SM is a
key sphingolipid essential for processes such as apoptosis, proliferation, and migration
and plays a central role in maintaining plasma membrane stability and signaling [78,79].
Additionally, PC, PE, SM, and cholesterol constitute the main components of biological
membranes [80]. In this study, exposure to PVC-MPs resulted in changes in PC, PE, and
SM levels in BEAS-2B cells, indicating possible damage to the cell membrane that could
affect cell survival and metabolic processes.

There are several limitations of our present study. Primarily, MPs are encountered as
intricate mixtures in the environment [81]. Our methodology involved the utilization of a
singular concentration and type of MPs, which might not encapsulate the comprehensive
spectrum of biological responses elicited by varying concentrations and types of MPs on
BEAS-2B cells. Additionally, the cytotoxicity evaluation executed via the CCK-8 assay
potentially neglected the detection of MPs at diminished concentrations. Thirdly, while
pivotal biological pathways were delineated through multi-omics analysis, an in-depth
exploration of the specific mechanisms governing these pathways was not conducted.
Collectively, these limitations indicate the direction of our future research.

5. Conclusions

We analyzed changes in the transcriptome and metabolome of BEAS-2B cells after
their exposure to PVC-MPs. Through a comprehensive analysis of transcriptomics and
metabolomics data, we identified disruptions of lipid metabolism in PVC-MP-exposed
BEAS-2B cells. The results reveal that PVC-MPs interfere with the metabolic mechanism
of BEAS-2B cells and provide new potential targets for the prevention and treatment of
PVC-MP-induced lung diseases.
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Abstract: Tungsten carbide nanoparticles (nano-WC) are prevalent in composite materials, and are
attributed to their physical and chemical properties. Due to their small size, nano-WC particles
can readily infiltrate biological organisms via the respiratory tract, thereby posing potential health
hazards. Despite this, the studies addressing the cytotoxicity of nano-WC remain notably limited. To
this purpose, the BEAS-2B and U937 cells were cultured in the presence of nano-WC. The significant
cytotoxicity of nano-WC suspension was evaluated using a cellular LDH assay. To investigate the
cytotoxic impact of tungsten ions (W6+) on cells, the ion chelator (EDTA-2Na) was used to adsorb
W6+ from nano-WC suspension. Subsequent to this treatment, the modified nano-WC suspension
was subjected to flow cytometry analysis to evaluate the rates of cellular apoptosis. According to
the results, a decrease in W6+ could mitigate the cellular damage and enhance cell viability, which
indicated that W6+ indeed exerted a significant cytotoxic influence on the cells. Overall, the present
study provides valuable insight into the toxicological mechanisms underlying the exposure of lung
cells to nano-WC, thereby reducing the environmental toxicant risk to human health.

Keywords: tungsten carbide nanoparticles; epithelial cells; macrophages; cytotoxicity

1. Introduction

Recently, in the field of nanomaterials, there has been a notable trend of development
and a substantial increase in research, leading to the continuous introduction of engineered
nanomaterials into the market. The impact of nanoparticle exposure on occupational health
has garnered significant attention within the field of occupational health and safety [1].
Among various nanomaterials, tungsten carbide nanoparticles (nano-WC) are recognized
for their unique properties that contribute to the enhancement of metal hardness and
stability [2,3]. Nano-WC is typically sprayed onto heavy machinery, drill bits, and saw
blades, substantially enhancing their strength, durability, and wear resistance [4]. These
properties, which are used for maintaining the sharpness of saw blades and drill bits in
the mining and drilling industries, render nano-WC especially valued in these sectors.
However, as the industrial-scale production and application of nano-WC increases, the dust
generated from cutting, grinding, and polishing of WC-based materials poses significant
occupational health risks to workers [5,6].

Epidemiological and toxicological studies have shown that nano-WC adversely affects
respiratory and cardiovascular systems. Exposure to hard metal dust containing nano-
WC is associated with an increased risk of occupational asthma and hard metal lung
disease (HMLD) [7], which is characterized by difficulty breathing, reduced lung capacity,
progressive lung inflammation, and pulmonary fibrosis [8–11]. Additionally, studies have
found that tungsten element present in nano-WC has adverse impact on cell viability [12].
It also interferes with the voltage-gated sodium channels in neurons [13], thereby inducing
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cell apoptosis [6] and inflammation [14]. However, current in vitro studies on WC are
limited to fish cell lines [15], and the cytotoxicity of nano-WC has not been reported.

Macrophages are utilized to clear infectious, toxic, or allergenic particles from the
airways, while epithelial cells serve to protect underlying tissues from damage. However,
nanoparticles (NPs), when exposed to macrophages and epithelial cells, can induce cyto-
toxicity due to their internalization, subsequently leading to serious lung diseases [16,17].
Reports suggested that in animal model studies, small nanoparticles (NPs) deposited in
the respiratory tract easily infiltrate into epithelial and interstitial sites [18,19]. Large NPs
can attenuate or inhibit the phagocytic action of macrophages in the alveoli [20]; thus,
the phagocytosis of NPs by epithelial cells or macrophages may depend on their size.
In vitro experiments have shown that NPs loaded with 2 µg WC can cause significant
toxicity to alveolar macrophages with 24 h of exposure at concentrations ranging from 50
to 1667 µg/mL. Furthermore, mouse peritoneal macrophages exposed to between 50 and
300 µg/mL NPs with 2 to 4 µg WC showed signs of toxicity within 6 h of exposure [21].
In a recent study [22], a co-culture model of lung epithelial cells and macrophages was
established to simulate the microenvironment of the lung, and examine the toxic and
inflammatory effects of tungsten carbide cobalt (WCCo) nanoparticles (NPs). Furthermore,
mechanisms underlying lung toxicity due to NPs need to be investigated.

Studies show that the slow release of ions in vivo or in cells is the main cause of
cytotoxicity. Song et al. [23] found that dissolved Zn2+ plays a major role in mediating the
toxic effect of ZnO particles by generating large amounts of reactive oxygen species (ROS)
in the cells. Yosuke et al. [24] evaluated the effects of indium tin oxide nanoparticles (ITO
NPs), indium chloride (InCl3) and tin chloride (SnCl3) on A549 cells, revealing that the
accumulation of indium ions in cells induces oxidative stress, proinflammatory response
and DNA damage. In addition, in vitro experiments have also confirmed that indium ions
released from ITO particles are the primary source of cytotoxicity and genotoxicity [25–28].
In vitro studies on mammalian cells have shown that the effects on different organs and
developmental physiology are dose-dependent [29]. However, the underlying mechanism
of nano-WC-induced cytotoxicity is still unrevealed.

In this study, we evaluated the solubility and cytotoxic effects of nano-WC on macrophage
and lung epithelial cells. We investigated the apoptosis of U937 macrophage and BEAS-
2B epithelial caused by a nano-WC suspension. Furthermore, the metal ion chelator of
EDTA-2Na was used to reduce W6+ from nano-WC. Subsequently, the rates of cellular
apoptosis was measured before or after chelation treatment, thereby validating the effect of
W6+ on cytotoxicity. Our findings provide a reference for subsequent in vivo studies on the
mechanisms of nano-WC toxicity.

2. Materials and Methods
2.1. Materials

Nano-WC (purity ≥ 99.99%) were obtained from Boxin Wear-Resisting Alloy Material
Co., Ltd. (Xingtai, China). The hydroclynamic size of nano-WC is around 60 nm as shown
in Figure S1. In addition, the zeta potential test indicates that the nano-WC is electrically
negative at test conditions (Figure S2). They were tested with a Zetasizer Nano ZS ZEN3600
(Malvern, Worcestershire, UK) electrokinetic analyzer. After weighing and autoclaving
at 121 ◦C and 0.12 MPa for 30 min, a nano-WC suspension (200 µg/mL) was prepared in
high glucose DMEM (Cytiva, Shanghai, China, for culturing BEAS-2B cells) and RPMI-1640
(ThermoFisher, Shanghai, China, for culturing U937 cells) media, and stored at 4 ◦C. Before
each experiment, the suspension was dispersed in a sonicator for 15 min and then diluted
to the required concentration.

2.2. Cell Lines

The human lung epithelial cell line BEAS-2B and the human macrophage cell line
U937 were purchased from American Type Culture Collection (ATCC), Shanghai Cell Bank.
The cells were cultured in DMEM (Cytiva, Shanghai, China) and RPMI-1640 (ThermoFisher,
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Shanghai, China) medium supplemented with 10% (v/v) fetal bovine serum (Gibco, Shang-
hai, China) and 1% (v/v) penicillin–streptomycin solution (ThermoFisher, Shanghai, China)
at 37 ◦C in an incubator with 5% CO2, respectively.

2.3. Cell Culture and Measurement of Tungsten Ion Release

BEAS-2B and U937 cells were cultured for 12 h in 24-well plates (1 × 105 cells per well),
and washed thrice with PBS to remove non-adherent cells. The cells were then treated with
nano-WC of 200 µg/mL for 1, 2, 6, 12, and 24 h. The supernatants were then centrifuged
thrice, and the concentration of W6+ was measured by inductively coupled plasma mass
spectrometry (ICP-MS). A Thermo Electron X Series X7 quadrupole ICP-MS (ELEMENT 2,
Shanghai, China) was used. Samples were introduced into the ICP torch using a quartz
C-type nebulizer (OpalMist, Beijing, China) and the impact bead spray chamber was cooled
to 2 ◦C. In order to obtain the maximum sensitivity of tungsten, ICP-MS is generally tuned
to 1600–1700 V. The retention time of each sample is 10 s, and the concentration of the target
element of the measured sample is less than 1 ppm. After the measurement, the system was
cleaned with 2–4% dilute nitric acid for 5–10 s, and the concentration and relative standard
deviation (RSD) were checked and recorded.

2.4. Transmission Electron Microscopy

BEAS-2B and U937 cells were put in 24-well plates at a density of 1 × 105 cells/well.
50 µg/mL nano-WC suspension was treated as test group. Each group of cells were fixed
with 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer (pH = 7.2) for 1 h at ice temperature
and post-fixed with 1% OsO4 in the same buffer for 2 h at room temperature. After fixation,
cells were dehydrated with acetone (30%, 50%, 70%, 80% and 90%) and embedded in
Spurr resin. Thin sections of 50 nm were cut at the ultramicrotome (RMC POWERTOME
XL, RMC, USA) and deposited on 200 mesh copper grids. Fixed samples were stained
with uranyl acetate and lead citrate at room temperature for 10 and 12 min, respectively.
The cell membrane, chromatin, nucleus, and intracellular particle size distribution were
characterized using a 200 kV field emission transmission electron microscope (JEM-2100F)
by Japan JEOL.

2.5. Cytotoxicity Analysis

LDH release was analyzed by using the LDH Cytotoxicity Assay Kit (C0016, Beyotime,
Shanghai, China) in accordance with the manufacturer’s instructions. Briefly, the cells
were put in 96-well culture plates at a density of 1 × 105 cells/well and incubated for 12 h.
Background blank wells, sample control wells, sample maximum enzyme activity control
wells and sample wells were set up. We added 200 µL supernatant to each sample well for
another 1 h incubation. Until 1 h before detection, 13 µL of LDH release reagent was added
to the “sample maximum enzyme activity control well”. Then, 60 µL of LDH detection
reagent was added and incubated for 30 min. The supernatant medium was placed in
96-well culture plates, and the absorbance at 490 nm was measured by a microplate reader
(EPOCH2, BioTek, Vermont, USA).Mortality is calculated by the following formula:

M =
Atreated − Acontrol

Aactivecontrol − Acontrol
× 100% (1)

where M is cellular mortality; Atreated is the absorbance of samples exposed to nano-WC;
Acontrol is absorbance of untreated control wells; and Aactive control is absorbance of maximum
enzyme activity of cells.

To validate the cytotoxicity derived from W6+ rather than nano-WC, we conducted
cell viability experiments using EDTA-2Na (50 µg/mL) adsorbed W6+ as a comparison.
BEAS-2B and U937 cells were seeded into 96-well plates at a density of 105 cells/well and
cultured for 12 h. They were then divided into control, WC, and WC + EDTA-2Na groups,
and exposed to nano-WC at a concentration of 200 µg/mL. The Annexin V- Phycoerythrin
(PE) 7- amino-actinomycin D (7-AAD) apoptosis detection kit (cat. no. KGA1017; KeyGEN
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Bio TECH, Nanjing, China) was used to detect cell death according to the manufacturer’s
protocol. Cells were resuspended in 100 µL of staining solution at a concentration of
1 × 105 cells/100 µL and incubated in the dark at ambient temperature for 10 min. They
were then added to 400 µL of binding buffer. A flow cytometer (Beckman FC-500, Brea,
CA, USA) was employed to determine the excitation wavelength at 488 nm. The excitation
wavelength at 578 or 647 nm was used to detect PE or 7-AAD fluorescence for cell apoptosis,
respectively. The cells can be divided into three subgroups. The viable cells only showed
very low intensity of background fluorescence, the early apoptotic cells only showed strong
orange-red fluorescence, and the late apoptotic cells showed the double staining of the
orange-red and red fluorescence. Samples (n = 10) were randomly selected from each
group, and the apoptotic rate was calculated as the percentage of early apoptotic cells or
late apoptotic cells.

2.6. Statistical Analysis

Origin 8.0 was used for all statistical analyses. The data were presented as
mean ± standard deviation (SD) and the comparison between the two groups was per-
formed using the Student’s t-test (for parametric data). p values < 0.05 were considered
statistically different.

3. Results
3.1. Decrease in the Viability of Lung Epithelial Cells and Macrophages by Nano-WC

Compared to the untreated BEAS-2B cells (Figure 1A–C), those treated with nano-WC
particles show indistinct organelles, indistinct mitochondrial profiles and lysosomes, nu-
merous vesicles, and a condensed nucleoplasm around the nuclear membrane (Figure 1E,F),
although the overall cell structure is intact (Figure 1D). Similarly, the control U937 cells
have an intact cell membrane and nuclear membrane, along with multiple mitochon-
dria (Figure 2A–C). While the overall structure of these cells is unaffected by nano-WC
(Figure 2D), they exhibit an irregular nuclear membrane and a solid nucleolus, large vac-
uoles, multiple mitochondria (Figure 2E), and segment extracellular lysosomes (black
arrows; Figure 2F).
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3.2. Release of Tungsten Ions in Cells Exposed to Nano-WC 

Studies show that the cytotoxicity of metal oxide NPs is mediated by the release of 

free metal ions [23,30]. Therefore, we hypothesize that the release of W6+ from nano-WC 

is the source of toxicity. To this end, lung epithelial cells and macrophages were treated 

Figure 1. TEM images of BEAS-2B cells in the control group. (A) The cell membrane and the
nuclear membrane are intact. (B) Mitochondria are clear and intact (black arrows) with clear ridges.
(C) The lysosomes (blue arrows), Golgi apparatus (yellow arrows), and endoplasmic reticulum (green
arrows) are clear and intact. Sonicated WC solution was added to BEAS-2B cells and incubated for
24 h. TEM images of BEAS-2B cells exposed to nano-WC. (D) The cytosol and nucleus with a nuclear
membrane are largely intact. The nucleoplasm is condensed around the nuclear membrane, and there
are numerous intracellular vacuoles. (E) Mitochondria (black arrows) are poorly defined. (F) There
are numerous intracellular vacuoles and the lysosomes (blue arrows) are poorly defined.
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Figure 2. TEM images of U937 cells in the control group. (A) The overall cell structure is intact. The
mitochondria ((B); black arrows) and lysosomes ((C); blue arrows) are intact. Sonicated WC solution
was added to U937 cells and incubated for 24 h. TEM images of U937 cells exposed to nano-WC.
(D) The overall cell structure is essentially intact, with an irregular nuclear membrane and a solid
nucleolus. (E) There are large vacuoles and multiple mitochondria (black arrows) in the cytoplasm.
(F) The lysosomes (blue arrows) are segmented internally.

3.2. Release of Tungsten Ions in Cells Exposed to Nano-WC

Studies show that the cytotoxicity of metal oxide NPs is mediated by the release of
free metal ions [23,30]. Therefore, we hypothesize that the release of W6+ from nano-WC is
the source of toxicity. To this end, lung epithelial cells and macrophages were treated with
200 µg/mL nano-WC, and the W6+ levels in the supernatant were measured by ICP-MS
after centrifugation [31]. As shown in Figure 3A,B, at the initial time of 0 h prior to the
treatment of cells, the detected W6+ concentration in the supernatant with only nano-WC
was 0, implying that nano-WC does not spontaneously dissolve in the absence of cells.
Within 12 h, the changes in the W6+ concentration released from nano-WC exposed to
both cell types were generally consistent. After 12 h, the W6+ concentration decreased but
remained high in the supernatant of BEAS-2B cells, while the W6+ concentration in the
supernatant of U937 cells was relatively stable. Generally speaking, W6+ concentrations in
the supernatants of both cell types increased significantly after 24 h of incubation.
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61



Toxics 2023, 11, 528

3.3. Mitigating the Cytotoxicity of Nano-WC by Chelation of W6+

To detect the toxic effect of tungsten ion concentration in supernatant on cells, lactate
dehydrogenase (LDH) levels were measured (Figure 4A,B). The cells in the nano-WC
groups release significantly higher amounts of LDH compared to the control groups, and
the mortality rates of BEAS-2B and U937 cells are 20% and 24%, respectively. The results
showed that tungsten ions in the supernatant could also induce the release of LDH in
BEAS-2B cells and U937 cells, leading to apoptosis.
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Figure 4. LDH activity of BEAS-2B cells (A) and U937 cells (B) treated with the condition medium
of nano-WC-treated cells. LDH activity of BEAS-2B cells (C) and U937 cells (D) treated with the
condition medium with or without EDTA-2Na. The data on the figures represent mean ± SD.
* p < 0.05 and *** p < 0.001 vs. control group.

To investigate the cytotoxic impact of tungsten ions (W6+) on cells, EDTA-2Na was
used to chelate W6+ from nano-WC suspension. Subsequent to this treatment, the modified
nano-WC suspension was subjected to flow cytometry analysis (Figure 5) to evaluate the
rates of cellular apoptosis. The apoptosis rate of BEAS-2B cells in the nano-WC group was
36.57%; the apoptosis rate of EDTA-2Na group was 21.24%. The apoptosis rate of U937
cells in the nano-WC group was 20.58%, while that in EDTA-2Na group was 9.62%. The
viability of cells treated with EDTA-2Na and nano-WC is significantly higher than that of
cells treated with nano-WC alone (p < 0.05; Figure 4C,D). The result shows that the addition
of EDTA-2Na will reduce the W6+ concentration, and thus toxicity will be reduced.
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Figure 5. Flow cytometry measurements of BEAS-2B cells and U937 cells in the control (A,D),
nano-WC (B,E), and nano-WC + EDTA-2Na (C,F) groups. Apoptosis rates were calculated based on
Figure 5.

4. Discussion

The nucleus controls cellular functions and the inheritance of genetic material [32,33],
and the aggregation and condensation of chromatin in the nucleus is an indicator of
irreversible damage [34]. We found that nano-WC exposure led to significant chromatin
condensation in human lung epithelial cells, along with loss of organelle integrity and
a massive increase in the number of vesicles, which could be the cellular basis of the
toxic effects of nano-WC. Recent studies have shown that lysosomal damage can trigger
apoptosis [35,36]. In addition, phagocytosis of inhaled silica or asbestos dust by lung
macrophages leads to lysosomal rupture, which releases hydrolytic enzymes and increases
tissue fibrosis [37]. Consistent with this, the U937 cells treated with nano-WC particles
showed split extracellular lysosomes.

A number of studies have proven that free metal ions released from metal oxide NPs
are the primary factor for cytotoxicity [23,27,28,30]. Singh et al. [38] demonstrated that
phagocytosed Ag NPs are degraded inside the cells and release Ag ions, which interfere
with normal mitochondrial functions and induce apoptosis. Likewise, we detected free
W6+ in the supernatant of the cell lines, and the release of tungsten ions is increased with
increased time during the first 12 h (Figure 3A,B). Overall, tungsten ion concentrations
in the supernatants of both cell types increased significantly after 24 h of incubation, and
these data suggest that macrophages and epithelial cells can rapidly (within 24 h) dissolve
nano-WC into W6+, which are then released by dying cells into the surrounding medium.

LDH is an important cell metabolism enzyme in body tissues, which can better reflect
cell proliferation and metabolism [39]. The LDH level of healthy tissue cells is generally
low, and when tissue cells are damaged, the LDH level will rise. Indeed, the increase
in LDH activity confirms that the tungsten ions in the supernatant could also induce
the release of LDH in both cells, leading to apoptosis. This indicates that after nano-
WC enters the body, BEAS-2B cells and U937 cells had similar outcomes as target cells,
providing an experimental basis for subsequent animal experiments to select target organs.
Furthermore, to validate the cytotoxicity derived from W6+ rather than nano-WC, EDTA-
2Na was used to adsorb W6+. EDTA-2Na can effectively prevent metal ions from acting by
encapsulating metal ions into the chelating agent through its strong binding with metal
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ions [40–42], which effectively avoid the induction of free radicals/reactive oxygen species
(ROS) causing oxidative stress by chelating the free W6+ [43].These results support the
hypothesis that nano-WC particles are phagocytosed by macrophages, degraded in the
acidic lysosomes, and release W6+ that triggers apoptosis. Nanoparticle solubilization
results in a local spike in ionic tungsten, which damages and permeabilizes the lysosome,
causing the contents (along with the ionic tungsten) to leak out into the cytoplasm, which
kills the cell [28]. Furthermore, free W6+ is significantly more toxic than nano-WC and can
easily target neighboring macrophages or lung epithelial cells [28,44,45]. This suggests that
the partial cause of cytotoxicity is W6+ released from nano-WC, and W6+ can indeed cause
cell damage in the absence of nano-WC.

Moreover, apart from the toxic effect of NPs on the cell level, the effect of pulmonary
surfactant on NPs should not be ignored. For different kinds of NPs, many studies
have demonstrated that the pulmonary surfactant will promote or reduce the toxicity
of NPs [46,47]. Therefore, the interaction of nano-WC and pulmonary surfactant needs
further intensive investigation.

5. Conclusions

The mechanisms underlying lung toxicity due to nano-WC were investigated. U937
macrophages and BEAS-2B epithelial cells were cultured and then exposed to nano-WC. By
TEM, it was found that human lung epithelial cells showed obvious chromatin condensa-
tion, loss of organelle integrity, and a large increase in the number of vesicles, as well as the
division of extracellular lysosomes in U937 cells, confirming obvious cell damage. The cy-
totoxicity of nano-WC suspension was proven through a cellular LDH assay. Furthermore,
a decrease in W6+ by the ion chelator (EDTA-2Na) reduces cytotoxicity, which indicates
that the partial cause of cytotoxicity is W6+ released from nano-WC. Our findings provide
new insights into the mechanisms underlying toxicity of nano-WC on the lung epithelium,
and possible strategies for therapeutic intervention.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Nanoplastics, created by the fragmentation of larger plastic debris, are a serious pollutant
posing substantial environmental and health risks. Here, we developed a polystyrene nanoparticle
(PS-NP) exposure model during mice pregnancy to explore their effects on embryonic development.
We found that exposure to 30 nm PS-NPs during pregnancy resulted in reduced mice placental
weight and abnormal embryonic development. Subsequently, our transcriptomic dissection unveiled
differential expression in 102 genes under PS-NP exposure and the p38 MAPK pathway emerged as
being significantly altered in KEGG pathway mapping. Our findings also included a reduction in
the thickness of the trophoblastic layer in the placenta, diminished cell invasion capabilities, and an
over-abundance of immature red cells in the blood vessels of the mice. In addition, we validated our
findings through the human trophoblastic cell line, HTR-8/SVneo (HTR). PS-NPs induced a drop in
the vitality and migration capacities of HTR cells and suppressed the p38 MAPK signaling pathway.
This research highlights the embryotoxic effects of nanoplastics on mice, while the verification results
from the HTR cells suggest that there could also be certain impacts on the human trophoblast layer,
indicating a need for further exploration in this area.

Keywords: nanoplastics; exposure during pregnancy; placenta

1. Introduction

Nanoplastics are formed from the degradation of larger plastic debris, initially into
microplastics and eventually into nanoparticles that are less than 100 nm in size (Figure 1) [1,2].
This process is instigated by environmental factors such as ultraviolet radiation, oxygen,
and mechanical abrasion from waves and sand, and can be influenced by temperature and
certain microorganisms [3]. Over time, these factors gradually break down microplastics into
nanoplastics. The main types of nanoplastics include polymers such as polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC).

The pollution caused by nanoplastics is indeed severe and poses various environ-
mental and health issues. Due to their small size, nanoplastics have the ability to pervade
different environmental compartments, including water, air, and soil. Unfortunately, as
it stands currently, specific data on the global scale of nanoplastics pollution are limited.
This is largely because nanoplastics are difficult to detect, measure, and isolate, given how
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extremely small they are. Even the most cutting-edge scientific methods have difficulty
measuring nanoplastics accurately. However, to give a sense of the broader scale of plastic
pollution, a study estimated that 8.3 billion tons of plastic have been produced since the
1950s, and about 60% of that plastic has ended up in either a landfill or the natural envi-
ronment [4]. Meanwhile, the number of microplastic particles in our oceans is a massive
51 trillion [5]. While these figures do not provide a direct measure of nanoplastics, they
underscore the seriousness of the broader plastic pollution issue, and these plastics will
eventually break down into microplastics and nanoplastics in the environment, posing a
greater potential hazard to the environment [6].
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Microplastics and nanoplastics can easily enter the food chain as they can be ingested
by small organisms and subsequently reach larger ones, potentially impacting wildlife and
human health (Figure 1). A 2019 World Wildlife Fund report reveals that globally, each
person ingests an average of 2000 microplastic particles weekly, weighing the same as a
credit card [7]. Scientists have estimated the volume of microplastics inhaled by humans
within a 24 h period to be approximately 272 particles, according to air samples taken from
three apartments and a constructed human model [8]. However, nanoplastics originate
from the degradation of plastic fragments, and it is estimated that the concentration of these
fragments is 1014 times higher than that of the microplastics currently found in the aquatic
environment [9]. Nanoplastics enter the human body mainly through the respiratory tract,
the digestive tract, and the skin, and they can produce toxic effects on the corresponding
tissues and organs through particle internalization or migration. Nanoplastics have been
reported to exert toxic effects on the digestive, neurological, respiratory, immune, and
reproductive endocrine systems by physically damage, causing an imbalance in intestinal
flora, altering enzyme activity, activating immune cells, inducing oxidative stress, and
interfering with endogenous hormones [10,11]. In animal experimental studies, it was
found that exposure to nanoplastics can lead to thickening of mouse alveolar walls and
pulmonary interstitial fibrosis, causing changes in lung structure [12]. Concurrently, they
also cause liver damage, characterized by the infiltration of immune cells, hepatocyte
vacuolization, nuclear shrinkage, and enlargement of hepatic sinusoidal spaces. The
damage to the kidneys is primarily manifested in the form of renal tubule and glomerular
atrophy accompanied by an inflammatory response. Exposure to nanoplastics also causes
neurotoxicity in zebrafish, leading to abnormal behavior in zebrafish [13]. Nanoplastics can
also disrupt the composition and function of the zebrafish gut microbiota, accompanied by
immune system dysfunction [14]. This disrupts the brain–gut axis, mediated by alterations
in neurotransmitter metabolites. Moreover, nanoplastics can act as carriers for other
pollutants, as they have a large surface area that can adsorb harmful substances such as
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heavy metals and persistent organic pollutants [15–17].When ingested by organisms, these
substances can be released and cause further harm.

Embryonic development is a crucial stage in an organism’s life, during which the
organism undergoes rapid growth and cell division. It is agreed upon in many scientific
studies that the embryo is often more sensitive to various environmental stressors, including
pollution, as compared to adults. Regarding nanoplastics, little is known about their specific
effects on embryonic development. However, given that nanoplastics can have harmful
effects on adult organisms [10], it is reasonable to hypothesize that embryos, being in a
more vulnerable and sensitive stage, might be even more adversely affected by nanoplastics
exposure. A few experimental studies on aquatic organisms have indicated that exposure
to nanoplastics during the embryonic stage could cause developmental abnormalities [18].
Polystyrene nanoplastic particles (PS-NPs) reduced nutrient accumulation and led to
inhibition of gonadal development in juvenile river prawns [19]. PS-NPs also induce
neurotoxicity (decreased spontaneous contraction frequency), cardiotoxicity (bradycardia),
and morphological changes in the eyes and head of zebrafish embryos, leading to impaired
embryonic development [20,21]. In addition, population studies have found higher levels
of nanoplastic particles in the chorionic tissue of patients, with unexplained recurrent
miscarriage (RM) relative to healthy individuals [22]. However, more research is needed to
conclusively determine the risks and understand how nanoplastics could affect embryos.

In this research, our primary objective was to unravel the potential toxicological
mechanisms of polystyrene nanoparticles (PS-NPs) on ICR mice during pregnancy and
human trophoblast cells. We constructed a model of PS-NP (30 nm) exposure during
pregnancy in mice to explore the effects and specific mechanisms of PS-NP exposure during
pregnancy on dams and offspring. Through this study, we aimed to validate our argument
that a certain concentration of small-sized PS-NPs is toxic to embryonic development and
to probe potential mechanisms responsible for this toxicity.

2. Materials and Methods
2.1. Nanoplastics and Characterization

Polystyrene nanoplastic particles (PS-NPs) were purchased from Rigor Science (Wuxi,
China), with a diameter of 30 nm and a mass percentage of 2.5 wt%. The TEM images
were obtained using a JEM-2000EX microscope (JEOL, Tokyo, Japan). The size and zeta
potential of PS-NPs were determined using a Zetasizer Nano (ZS90, Worcester, UK). Each
measurement was made three times at a controlled temperature of 25 ± 1 ◦C.

2.2. In Vivo Experiments
2.2.1. Modeling of PS-NP Exposure during Pregnancy in ICR Mice

The study was conducted using 8-week-old ICR mice of the Specific Pathogen Free
(SPF) category, provided by the Experimental Animal Center of Xuzhou Medical University,
with ethical approval granted by the Xuzhou Medical University Ethics Committee (Ethical
Approval Number: 202305T002). The ICR mice were kept in an SPF-grade animal room
with controlled temperature conditions (22 ± 2 ◦C), and subjected to alternating 12 h light
and dark cycles. They had unrestricted access to food and water. One week was allocated
prior to the experiment for the mice to adjust to their surroundings.

Female and male mice were co-housed in a 2:1 ratio and vaginal plug checks were
carried out each morning. The identification of a vaginal plug is a conventional sign
used in reproductive biology to designate that mating has occurred in mice. The day
a plug is observed is defined as gestational day 0.5 (GD0.5). The study used 30 nm
diameter PS-NPs and divided the pregnant mice (n = 20) randomly into four groups for the
experiment: control group (corn oil), low-dose group (0.1 mg/kg/d), medium-dose group
(1 mg/kg/d), and high-dose group (10 mg/kg/d), comprising 5 mice each. Following
pregnancy confirmation, gavage of PS-NP solution was conducted based on the body
weight of the pregnant mice, while also documenting their food and water intake. This
continued until GD18.5, when the pregnant mice were euthanized.
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2.2.2. Histopathology

Upon euthanizing the pregnant mice on GD18.5, organs such as the placenta and liver
were harvested for subsequent pathological examination. Using tweezers, the placenta
and fetuses were dissected, cleaned in physiological saline, weighed, and recorded. Five
placentas per group (one placenta corresponding to each fetus) were then placed in a 4%
paraformaldehyde solution to fix. After a process of gradient dehydration with ethanol,
embedding, and sectioning, Hematoxylin and Eosin (H&E) staining was performed. Under
the microscope, changes in the placental tissue pathology were observed.

2.2.3. Placental Transcriptome Sequencing

The placentas collected from both the control group and the PS-NP exposure group
were used for transcriptome sequencing (3:3); the specific steps were similar to those in
previous studies and are briefly described below [23,24]. The transcriptome profiling
protocol commenced with the isolation and purification of the total RNA from the pla-
cental tissues using TRIzol reagent (Invitrogen, Waltham, MA, USA) in accordance with
the manufacturer’s instructions. Subsequently, cDNA libraries were prepared for next-
generation sequencing using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina®

(New England Biolabs, Ipswich, MA, USA) following the manufacturer’s recommenda-
tions, which subsequently generated extensive transcriptome data. The raw data were
initially processed through in-house Perl scripts and clean data were obtained. There-
after, all downstream analyses were based on clean data with high quality. Q20, Q30, and
GC contents of the raw data were calculated. We utilized the Majorbio Cloud Platform
(https://cloud.majorbio.com/ (accessed on 05 January 2024)) to analyze the aligned reads.
When the false discovery rate (FDR) < 0.01 and Fold Change ≥ 2, differentially expressed
genes (DEGs) were identified between the control and PS-NP-exposed placentas. Finally,
the classification and functional enrichment of the DEGs were analyzed using Kyoto Ency-
clopedia of Genes and Genomes (KEGG) databases and Gene Ontology (GO) databases.
Multiple testing corrections were made using FDR and only those pathways having an
adjusted p-value < 0.05 were considered to be significantly enriched.

2.3. In Vitro Experiments
2.3.1. Cell Sources and Cultures

HTR-8/SVneo cells, abbreviated as HTR, were used for cell experiments (bought from
HyCyte, Suzhou, China). HTR-8/SVneo cells were obtained by transfecting cells grown
from human early gestation placental villous explants with a gene encoding the simian
virus 40 large T antigen, and can be used to study trophoblast and placental biology [23,24].
The cells were cultured in RPMI-1640 Medium (P/S) (KeyGEN BioTECH, Nanjing, China)
with added PS-NP solution and 10% fetal bovine serum (ZETA, Spring House, PA, USA).
The concentrations of PS-NPs used were 0, 10, 20, 50, and 100 µg/mL.

2.3.2. Cell Proliferation Assays

Cell proliferation vitality was evaluated using a CCK8 assay. The seeding density
of HTR was 2.5 × 104 mL−1. After 24 h, PS-NPs were added to the culture medium for
another 24 h. As per the manufacturer’s instructions, a cell proliferation and cytotoxicity
kit-8 (CCK8) was used (Abbkine Scientific, Wuhan, China). After incubation for 2 h, cell
viability was determined under 450 nm absorbance with an enzyme-linked immunosorbent
assay to assess the cell proliferation rate.

2.3.3. Cell Migration Assay

The migration ability of HTR cells was evaluated using a cell scratch test. Fully grown
HTR cells were evenly inoculated into a six-well plate. After incubation for 24 h, once the
cells were fully merged, a scratch was made using a 20 µL sterile pipette tip. After washing
with warm PBS to remove floating cells, images were taken at the 0 h mark. The PBS was
then removed from the six-well plate, and PS-NPs were added to the fetal bovine serum
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containing the culture medium. According to the standard of 2 mL per well, this was added
to the six-well plate for further cultivation. After 24 h, scratch images were taken at the
same location. The scratch area was then measured using ImageJ 1.53e software (Wayne
Rasband, Bethesda, MA, USA)

2.4. RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from cells and tissues using TRIzol reagent Vazyme BioTech
(Nanjing, China), following the manufacturer’s provided method. The total RNA was then
quantitated using the nanodrop 2000c system (Thermo Fisher Scientific, Waltham, MA,
USA). The RNA was then reverse transcribed into cDNA using HiScript II Q RT SuperMix
for qPCR (+gDNA wiper) Vazyme BioTech (China), and amplified with ChamQ SYBR
qPCR Master Mix (Applied Biosystems, Los Angeles, CA, USA) at a volume of 10 µL.
Real-time fluorescence quantitative PCR was carried out based on the ChamQ SYBR qPCR
Master Mix (Vazyme BioTech, China). The data were normalized using GAPDH. The
primer sequences can be seen in the Supplementary Material, Table S1.

2.5. Western Blotting

After treating the cells with PS-NPs at concentrations of 0, 10, 20, 50, and 100 µg/mL
for 24 h, the HTR cells were lysed with RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China) containing proteinase and phosphatase inhibitors (Beyotime Biotechnology, China).
Protein concentration was measured using a BCA reagent kit and proteins were denatured
by adding SDS and PBS and heating at 100 ◦C for 5 min. After gel electrophoresis, the
proteins were separated and transferred to a polyvinylidene fluoride (PVDF) membrane.
QuickBlock Western Blocking Solution (Beyotime Biotechnology, China) was used for
blocking for 20 min. After incubation with the primary antibody at 4 ◦C overnight, the
membranes were washed with TBST (Servicebio, Wuhan, China), and then subjected to
incubation with the secondary antibody for 1 h before being washed again with TBST.
Finally, the PVDF membranes were imaged using a Bio-Rad ChemiDocXRS+ (Bio-Rad,
Hercules, CA, USA). Protein band grayscale values on the images were calculated using
Image J.

2.6. Statistical Analysis

The data collected from this experiment were analyzed using SPSS 21.0 statistical
software. All data are represented as mean ± standard deviation. A test for homogeneity of
variance was first conducted, followed by the t-test, Mann–Whitney U test, and Friedman
test. Graph Pad Prism 5.0 was used for statistical plotting. A p-value below 0.05 indicates
a statistically significant difference. The mechanism figure was drawn using Figdraw 2.0
(ResearchHome, Hangzhou, China).

3. Results
3.1. Characteristics of PS-NPs

The transmission electron microscope results revealed that the original particle size of
PS-NPs was about 30 nm. They were in the form of spherical particles with good dispersion
(Supplementary Material, Figure S1A). The hydrodynamic diameter of the PS-NPs was
167.7 ± 0.22 nm, larger than their original particle size, indicating a slight agglomeration of
PS-NPs in water (Supplementary Material, Figure S1B). The zeta potential of the PS-NPs
was −23.0 ± 5.0 mV (Supplementary Material, Figure S1C). At the same time, the Polymer
Dispersion Index (PDI) of PS-NPs was less than 0.5, indicating good dispersion. These
results demonstrate that PS-NPs possess common nanoparticle characteristics and meet the
experimental requirements; thus, they could be used for subsequent experiments.
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3.2. Embryonic Developmental Toxicity of PS-NPs in ICR Mice

Compared with the control group, there was no significant change in the body weight
of pregnant mice fed with different doses of PS-NPs (Supplementary Material, Figure S2A).
The body weight changes among all four pregnant mice groups (from GD0.5 to GD18.5)
showed a steady increasing trend with no significant differences (Supplementary Material,
Figure S2B). In addition, there was no difference in food and water intake during the expo-
sure period between different dose groups and the control group (Supplementary Material,
Figure S2C,D).

Compared with the control group, both the placental weight and diameter in the
10 mg/kg/d group decreased, although the placental weight and diameter in the 1 mg/kg/d
group increased, and the differences were not statistically significant (Figures 2A,B and 3).
Meanwhile, the number of embryos in each exposure group showed no significant differences
compared to in the control group (Figure 2C). At the same time, the high-dose group showed
a significantly higher rate of fetal death and absorbed fetuses compared to the control group
(Figure 2D).
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(C) Number of embryos. (D) Stillbirth, absorption rate. Data are represented as the mean ± SEM.
* p < 0.05, *** p < 0.001.

By observing the morphological structures of the placenta via HE staining, it was
found that in the PS-NP exposure group, the nourishing layer of the placenta became
thinner, the invasion of nourishing cells was insufficient, and there was a large number
of immature red blood cells in the blood vessels (Figure 4). All these results suggest that
exposure to PS-NPs during pregnancy may lead to poor placental development, which
could further cause embryonic development obstacles.
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Figure 4. Exposure to PS-NPs resulted in pathological changes in the placenta at GD18.5.

3.3. Screening of Differentially Expressed Genes in Placental Tissues Exposed to PS-NPs
during Pregnancy

In order to investigate the cause of placental underdevelopment due to PS-NP expo-
sure, we employed transcriptome sequencing to identify differentially expressed genes post-
PS-NP exposure in placental tissue. Gene expression differences were examined using DE-
Seq, setting the filtering criteria for differentially expressed genes as |log2FoldChange| > 2
and FDR < 0.05. The results revealed an upregulation of 39 genes and downregulation of
63 genes in the placental tissue post PS-NP exposure, giving a total of 102 differentially ex-
pressed genes. A volcano plot was used to illustrate the overall differential distribution and
aid in the selection of such genes (Figure 5A). Cluster analysis suggested that genes within
each sample with similar expression patterns clustered together, with distinct separation
between the two groups, indicating no layered confusion (Figure 5B).
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(C) KEGG pathway enrichment analysis bubble plot. (D) KEGG pathway enrichment analysis bar
graph.

We performed a KEGG pathway enrichment analysis on genes linked with PS-NP
exposure using the KEGG database. Based on the results from the KEGG enrichment
analysis of the differentially expressed genes, we selected the top 10 most significantly
enriched pathways (those with the smallest p-value) (Figure 5C,D). The enrichment of
differentially expressed genes was most significant in the MAPK signaling pathway. The
downregulation of the MAPK signaling pathway is closely linked to embryonic growth and
development, suggesting that regulatory factors related to this pathway may be associated
with embryonic developmental delay induced by NP exposure. Further bioinformatics
results are available in the Supplementary Material, Figure S3. Subsequently, we selected
four genes, MAP2K6, Cacng4, Flt1, and Dtx3l, which showed differential expression in the
sequencing results, for qRT-PCR validation. The results were consistent with the sequencing
data (Supplementary Material, Figure S4).

74



Toxics 2024, 12, 370

3.4. Effects of PS-NPs on Trophoblast Cells

To further corroborate the correlation between the impact of PS-NPs on placental func-
tion and trophoblast cells, we exposed HTR cells to PS-NPs. The CCK8 assays demonstrated
a significant reduction in HTR cells’ viability, with the high-dose group experiencing an
inhibition rate of up to 20% due to PS-NPs (Figure 6A). Moreover, an exposure to 100 µg/L
of PS-NPs detrimentally impacted HTR cells’ migration, as evidenced by the scratch tests
(Figure 6B,C).
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Figure 6. Exposure of PS-NPs inhibits HTR cell viability, migration, and invasion in vitro. (A) Twenty-
four-hour cell viability of HTR cells exposed to the indicated doses was determined by Cell Counting
Kit-8 assay. (B) Quantitative results of wound healing assay control and high-dose groups. (C) PS-NP
exposure reduces the migration distance of HTR cells. Scale bar = 100 µm. Data are presented as the
mean ± SD of three independent assays. * p < 0.05, **** p < 0.0001.

MAP2K6, a vital gene within the MAPK pathway, exhibited reduced expression levels
in placental tissues upon exposure to PS-NPs, as discovered through the transcriptome
sequencing and qRT-PCR results (Figure 7A). To pinpoint the mechanism underlying the
impact of PS-NP exposure on trophoblast cells’ proliferation and migration, we examined
the expression levels of MAP2K6. We determined that NP exposure led to diminished
mRNA and protein levels of MAP2K6 in the trophoblast cells (Figure 7B). In addition,
MAP2K6 is involved in p38 phosphorylation. Normally, an activated MAP2K6, or MKK6,
uniquely phosphorylates and activates p38 MAP kinase. The Western blot tests on HTR
cells indicated that NP infection reduced the expression of phosphorylated p38 protein, but
did not alter the overall p38 expression (Figure 7C).
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4. Discussion

The widespread detection of nanoplastics has raised concerns about their exposure
risks to the environment and human health. In recent years, several studies have demon-
strated the toxicity of nanoplastics to mammals [25–29]. Nanoplastics can accumulate in the
liver, kidneys, and intestines of mice, causing disruption of energy and lipid metabolism
as well as oxidative stress [25]. Exposure to PS-NPs can induce gut microbiota dysbio-
sis, intestinal barrier dysfunction, and metabolic disorder in mice [27]. Moreover, it has
been discovered that exposure to PS-NPs during pregnancy and lactation can modify the
function, structure, and cellular makeup of the offspring’s neural stem cells. This leads to
neurophysiological and cognitive impairments. In male mice, this exposure also triggers
testicular dysgenesis, subsequently influencing their fertility [30,31]. However, studies on
the potential harmful effects of nanoplastic exposure during pregnancy on placental em-
bryos are still limited. Therefore, we established a pregnancy exposure model for PS-NPs in
ICR mice and screened for differentially expressed genes in placental tissue after exposure
to PS-NPs during pregnancy. In addition, we conducted corresponding verifications in the
human trophoblast cell line (HTR) and further explored its possible mechanisms.

In mice experiments, exposure to PS-NPs during pregnancy had little effect on the
weight, or food and water consumption, of the dams, and did not affect the survival rate
or gender ratio of their offspring, which is consistent with the research results of Luo and
others [32,33]. However, by weighing and measuring the diameter of the mother mouse’s
placenta and embryos, it was found that exposure to PS-NPs during pregnancy reduced
the diameter and weight of the placenta. At the same time, pathological sections of the
placenta showed that the trophoblastic layer of the treated group was thin, with insufficient
invasion of trophoblastic cells, and a large number of immature red cells in the blood
vessels. These results all indicate that PS-NPs may break the placental barrier and affect
the growth and development of the offspring, and these adverse effects may be related
to pathological changes in the placenta. Research indicates that microplastics have now
infiltrated the human placenta, with a detection rate as high as 100% in samples taken after
2021 [34]. Furthermore, exposure to PS-NPs can stimulate oxidative stress in placental
cells in vitro, increasing the production of ROS, inducing DNA damage, suppressing cell

76



Toxics 2024, 12, 370

vitality, increasing cell apoptosis, and blocking the cell cycle, and the cytotoxicity of PS-NPs
is related to particle size and whether it carries a charge [35,36]. All of these results suggest
that exposure to PS-NPs during pregnancy adversely affects embryonic development.

Based on the impact of prenatal PS-NP exposure on the placenta, we further explored
the gene changes in the placenta after prenatal exposure to PS-NPs using RNA-seq tech-
nology. Results showed that a total of 102 genes in the placental tissue exhibited different
expression after prenatal exposure to PS-NPs, indicating that PS-NP treatment can induce
significant changes in the overall gene transcription profile of the placenta. Moreover,
KEGG enrichment analysis showed differences in the MAPK signaling pathway, bile se-
cretion, pancreatic secretion, Notch signaling pathway, gastric acid secretion, and thyroid
hormone synthesis, among which the MAPK signaling pathway was particularly notewor-
thy. Therefore, we targeted the p38 MAPK signaling pathway to explore the molecular
mechanism of PS-NPs’ toxicity.

In the p38 MAPK signaling pathway, MAP2K6 serves as a crucial regulatory switch
in the cellular response to cytokines and growth factors [37–39]. Once activated, MAP2K6
phosphorylates p38 MAPK, thereby activating p38. The active form of p38 can then transfer
these signals to the downstream targets, which then modulate various cellular activities
such as inflammation, cell proliferation, differentiation, and apoptosis. In essence, MAP2K6
serves as a molecular switch to relay the signals to the appropriate response points in the cell
when it receives a stimulus from cytokines and growth factors. It is this precise regulation
by MAP2K6 that ensures the cells react correctly to these external stimuli [37]. The potential
mechanism of the MAP2K6/p38 MAPK axis in cell growth, differentiation, apoptosis,
movement, and inflammation has garnered widespread attention. Multiple studies show
that a decline in the expression level of MAP2K6 can inhibit the phosphorylation of p38,
leading to a reduction in the level of phospho-p38 (p-p38), which in turn causes a reduction
in cell proliferation and migratory invasion capabilities. By using transfection to decrease
the level of MAP2K6 in human gastric cancer cells, the phosphorylation of p38 can be
inhibited, affecting autophagy in GC cells, inducing a G2 phase cell cycle block, and
suppressing cell proliferation and migration [40]. The use of MAP2K6 inhibitors can
suppress the growth of esophageal cancer cells both in vitro and in vivo [41]. Moreover,
the p38 protein plays a pivotal role in embryonic development by regulating the initial
differentiation of trophoblast cells and participating in the formation of the placental blood
vessels, to the extent that a significant deficiency in p38 phosphorylation can result in fetal
death within the uterus [42–44]. After exposure to PS-NPs, we found a decrease in the
expression of MAP2K6 in the placentas of pregnant ICR mice and a decrease in cell vitality
and migration ability in HTR cells. These results suggest that exposure to PS-NPs induces a
decrease in the expression of MAP2K6 in the placenta and trophoblastic cells, thus inhibiting
the phosphorylation of p38, and affecting the proliferation and migration of trophoblastic
cells, leading to inhibition of placental and embryonic growth. Therefore, PS-NPs may affect
placental embryonic growth and development by regulating the MAP2K6/p38 MAPK axis.

5. Conclusions

In conclusion, this study investigated the biological effects of PS-NPs on the embryos
in the placenta of pregnant mice and HTR cells. The findings suggest that exposure to
PS-NPs during pregnancy may not significantly affect the biological responses of the
dams, but can notably impact the growth and development of the mice placenta and
embryo. The harm inflicted on the placenta by PS-NPs mainly manifests as an inhibition of
trophoblast cell proliferation and migration, potentially achieved through the impediment
of p38 phosphorylation, regulated by MAP2K6 (Figure 8). This study provides a possible
molecular mechanism for understanding the potential embryonic developmental toxicity
induced by PS-NPs. The verification results from the HTR cells suggest that there could also
be certain impacts on the human trophoblast layer, indicating a need for further exploration
in this area.
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Abstract: The escalating utilization of titanium dioxide nanoparticles (TiO2 NPs) in everyday products
has sparked concerns regarding their potential hazards to pregnant females and their offspring. To
address these concerns and shed light on their undetermined adverse effects and mechanisms, we
established a pregnant rat model to investigate the impacts of TiO2 NPs on both maternal and
offspring health and to explore the underlying mechanisms of those impacts. Pregnant rats were
orally administered TiO2 NPs at a dose of 5 mg/kg body weight per day from GD5 to GD18 during
pregnancy. Maternal body weight, organ weight, and birth outcomes were monitored and recorded.
Maternal pathological changes were examined by HE staining and TEM observation. Maternal
blood pressure was assessed using a non-invasive blood analyzer, and the urinary protein level
was determined using spot urine samples. Our findings revealed that TiO2 NPs triggered various
pathological alterations in maternal liver, kidney, and spleen, and induced maternal preeclampsia-like
syndrome, as well as leading to growth restriction in the offspring. Further examination unveiled that
TiO2 NPs hindered trophoblastic cell invasion into the endometrium via the promotion of autophagy.
Consistent hypertension and proteinuria resulted from the destroyed the kidney GBM. In total, an
exposure to TiO2 NPs during pregnancy might increase the risk of human preeclampsia through
increased maternal arterial pressure and urinary albumin levels, as well as causing fetal growth
restriction in the offspring.

Keywords: titanium dioxide nanoparticles; pregnant model; preeclampsia-like syndrome; autophagy;
placenta development; trophoblastic cell function

1. Introduction

Titanium dioxide nanoparticles (TiO2 NPs) were among the first nanoparticles pro-
duced and used worldwide, mainly finding applications in sunscreen, paint, ink, and as
a food additive [1–3]. TiO2 NPs are present in various environmental media, with the
primary route of human exposure being through the digestive tract via food [4]. Pregnant
women, therefore, cannot avoid exposure to them. Studies have shown that fetuses are
more sensitive to toxins than adults, and prenatal exposure can lead to developmental
toxicity in offspring [5]. To date, limited human epidemiological evidence regarding the
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hazards of TiO2 NPs to pregnant women and birth outcomes has been reported. Existing
studies about the toxicity of TiO2 NPs mainly focus on animal models [6,7], making related
studies urgently necessary.

Previous research has indicated that TiO2 NPs can reach and accumulate in the pla-
centa, leading to a smaller feto-placental unit [8]. They can even penetrate the placental
barrier, reach fetal brains, and ultimately affect the offspring’s neurodevelopment [9]. These
findings underscore that the placenta is one of the target organs of TiO2 NPs. The pla-
centa plays a vital role in embryo development, facilitating substrate exchange, hormone
secretion, and immune defense [10]. Trophoblastic cells are a type of cell that plays a
crucial role in the development of the placenta during pregnancy, and their migration
and invasion ability are crucial for placental development [11]. The impaired function of
trophoblastic cells can result in inadequate infiltration of the placenta into the endometrium
and a failure to complete spiral artery (SA) remodeling. Placental dysfunction can lead to
abortion, fetal growth restriction, intrauterine anoxia, and even fetal death [12–14]. Other
pregnancy-related diseases, such as preeclampsia and uteroplacental apoplexy, have also
been linked to placental dysfunction [15]. However, whether TiO2 NPs affect placental
development and induce maternal pregnancy diseases and adverse birth outcomes remains
unclear and requires further study.

The placental development and trophoblastic cell invasion pattern in rats closely re-
semble those in humans. Thus, we utilized pregnant rats as an in vivo model to investigate
the potential effects of TiO2 NPs on placental development and to uncover the potential
underlying mechanisms. Rats have a gestation period of 21 days, with embryos being
implanted around 4–5 days after fertilization. Therefore, we selected the 5th day of preg-
nancy as the starting point for exposure. Throughout this study, we closely monitored
maternal changes and recorded pregnancy outcomes after TiO2 NPs exposures, with a par-
ticular emphasis on observing placental development to elucidate the potential mechanisms
at play.

2. Materials and Methods
2.1. Animals

The animal study was conducted in compliance with the ethical guidelines set forth
by the Nanjing Medical University Ethics Committee (Approved No: IACUC-24040115)
and followed the principles outlined in the ARRIVE Guidelines for reporting in vivo ex-
periments. Titanium dioxide nanoparticles (TiO2 NPs, CAS number: 13463-67-7) were
purchased from Sigma-Aldrich(Sigma Chemical Co., St. Louis, MO, USA). Adult male and
female SD rats (8 weeks, 280–300 g) were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. All rats were housed separately, by gender, and acclima-
tized in a controlled environment maintained at a temperature of 22 ± 2 ◦C and humidity
of 40–60%, with a 12 h light/dark cycle, for one week of rest prior to the commence-
ment of the experiments. Female rats were paired with males in a 1:1 ratio following
random grouping, with 10 rats in each group. Male rats were separated from females
after confirming the presence of a vaginal plug every morning, and this was recorded as
gestational day 0.5 (GD 0.5).

2.2. Cell Culture

Trophoblastic cells (HTR8-Svneo) were purchased from American Type Culture
Collection (ATCC® CRL-3271™) and cultured in Roswell Park Memorial Institute 1640
(RPMI-1640) medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 µg/mL streptomycin. The culture dishes were incubated in a 37 ◦C,
5% CO2 atmosphere, and the medium was replaced every day.

2.3. TiO2 NPs Preparation and Exposure Design

The TiO2 NPs were dispersed in a 5% methylcellulose solution at a concentration of
5 mg/mL. Their characteristics were assessed following sonication at 100 W for 30 min.
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A morphological analysis was conducted using transmission electron microscopy (TEM),
while their hydrodynamic diameter was determined using dynamic light scattering (DLS).
To mimic human exposure routes and doses, pregnant rats were orally administered TiO2
NPs at a dose of 5 mg/kg body weight per day from GD5 to GD18 during pregnancy.
Control rats received treatment with a 0.5% methylcellulose solution [16]. The dose of
5 mg/kg/day was selected based on the average daily human consumption of TiO2 [17].
Following delivery, except for those euthanized for further analysis, the remaining female
rats ceased their TiO2 NP exposure. Throughout the study, all pregnant rats were monitored
for weight changes before supplying food.

2.4. Tissue Collection and Preparation

The pregnant rats were euthanized using 10% chloral hydrate on gestational
day 18 (GD 18). Subsequently, maternal organs including the liver, spleen, kidney,
and placenta were carefully dissected, counted, and weighed to calculate the organ
coefficients (weight of the organ/total body weight) and then preserved in 4% poly-
formaldehyde for subsequent analysis. Pregnancy outcomes including fetal numbers
and fetal growth conditions were documented simultaneously. To prevent the separa-
tion of the placenta from the uterus, the placenta–uterus units were carefully kept intact,
ensuring the preservation of the placental invasion ability for subsequent analyses.

2.5. Histopathological Analysis and Immunohistochemical Analysis

The tissues were fixed and dehydrated before being embedded in paraffin. Subse-
quently, tissue blocks were sectioned into slices. These slices underwent dewaxing with
xylene, followed by rehydration with graded alcohol. Hematoxylin and eosin (HE) stain-
ing and periodic acid-Schiff (PAS) staining were performed using a commercial kit and
antibody (Beyotime, C0105, Shanghai, China; Abcam, ab150680, Cambridge, UK), follow-
ing the manufacturer’s instructions. PAS staining was employed to highlight the elastic
fibers, collagen, and other components in the kidney. The immunohistochemical analysis
was conducted using an anti-LC3B antibody (Abcam, ab48394) in conjunction with an
HRP-conjugated secondary antibody. All sections were examined under a light micro-
scope, and images were semi-quantified using ImageJ Software 1.8.0 (National Institute of
Health, USA).

2.6. Placenta Invasion Ability Assessment

The placental invasion ability assessment was conducted following the methodology
outlined in a previous study [18]. The percentage of interstitial trophoblast invasion into
the mesometrial triangle (MT) was utilized to quantify the invasion ability, with infiltrated
trophoblast cells identified using a cytokeratin-7 (CK-7) antibody (Abcam, ab181598).
Evidence of spiral artery (SA) remodeling was also identified through the presence of
CK-7-positive cells arranged on a fibrinoid layer, alongside the absence of α-actin-positive
smooth muscle cells. Additionally, the cross-sectional area, as reported by Cotechini et al.,
was included as an informative indicator [19]. Both the ratio of the cytokeratin-7-positive
trophoblast cell area to the MT area and the cross-sectional areas were measured using
image J analysis software.

2.7. Immunofluorescence Analysis

A trophoblastic cell (HTR8-Svneo) model was employed for in vitro mechanism verifi-
cation. Cellular autophagy levels were assessed using an anti-LC3B antibody in conjunction
with a confocal microscope. Cells were seeded onto specialized dishes and incubated with
10 µg/mL TiO2 NPs. After exposure for 24 h, cells were fixed and treated with the primary
antibody overnight, followed by a CY3-labeled secondary antibody. Images were captured
using a confocal microscope system.
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2.8. Cell Invasion and Migration Ability Analysis

Cell invasion and migration ability were evaluated using a transwell assay. In
brief, HTR cells were exposed to 10 µg/mL TiO2 NPs and suspended in serum-free
medium. These cells were then seeded onto matrigel-coated upper chambers, while a
serum-containing medium was added to the lower chambers. After a 24 h incubation
period, the cells were fixed and stained with crystal violet, and the number of penetrated
cells was counted using a light microscope.

2.9. Maternal Blood Pressure Monitoring

Maternal mean arterial pressure (MAP) was assessed using a non-invasive blood
pressure analyzer on GD0 (before mating), GD18, and the third day after delivery (AD3)
in both experimental groups. The research was conducted in a controlled environment to
minimize noise, with room temperature maintained between 25 and 26 ◦C. Female rats
were gently restrained, and the pressure detector was securely positioned on their tails.
Once the animals had calmed for approximately 3 min, the measurements were initiated.
Each rat underwent 6 consecutive series of measurements, and any aberrant data points
were excluded from the analysis.

2.10. Determination of Proteinuria

Spot urine samples from female rats in both experimental groups were collected
at the corresponding time points to assess the occurrence of proteinuria, as previously
described [20]. Urinary albumin and urine creatinine concentrations were quantified
using commercial assay kits (TRFIA) (Lumigenx, Suzhou, China) following the manufac-
turer’s instructions. The albumin to creatinine ratio (ACR) was utilized as an indicator
of proteinuria.

2.11. Statistical Analysis

Statistical analyses were performed using SPSS software(IBM, Armonk, NY, USA). The
normality and homogeneity of variance for all data were assessed using the Kolmogorov–
Smirnov test. Quantitative data were presented as mean ± SD. The comparison of differ-
ences between two groups or among multiple groups was conducted using the t-test and a
one-way ANOVA, respectively. The difference between the two ratios was assessed using
the Chi-square test. A p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Main Characteristics of TiO2 NPs

The main characteristics of TiO2 NPs in 0.5% methylcellulose and in cell culture
medium were determined and are presented in Figure 1A. The transmission electron
microscopy (TEM) results (Figure 1B) revealed that the morphology of TiO2 NPs was nearly
spherical, with a primary size of approximately 21 nm. The purity of the TiO2 NPs was
reported to be ≥99.5% in terms of trace metals, with a BET surface area ranging from 35 to
65 m2/g, and their crystal form was determined to be 80% anatase and 20% rutile according
to the manufacturer’s reports. Additionally, the results of dynamic light scattering (DLS)
indicated that the average hydrodynamic diameter of the TiO2 NPs was approximately 190
nm in 0.5% methylcellulose and about 80 nm in complete cell culture medium containing
serum, which is consistent with our previous study.
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mi)/mi. “mf” represents the final body weight and “mi” represents the initial body weight. (D) The 
main organs (liver, kidney, spleen, and ovary) were weighed and the organ coefficients were calcu-
lated after the pregnant rats were executed on GD18. * p < 0.05, ** p < 0.01, *** p < 0.001. There were 
7 rats in the control group and 8 rats in the exposure group. 
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9 successful conceptions, exhibited no difference after the observation of vaginal plugs. 
Maternal body weight and organ weights were recorded before and after the TiO2 NPs 
exposure. The monitoring of body weight indicated that the maternal body weight did 
not differ at the beginning of the study but increased throughout the entire pregnancy 
period in both groups, with a significant difference observed at the end stage of pregnancy, 
while the body weight gain (BWG) showed no significant change (Figure 1C). Addition-
ally, compared to control rats, the weight of the maternal liver, kidney, spleen, and their 
corresponding organ coefficients, all increased on GD18 following exposure. Conversely, 
the weight of the ovary and the ovarian coefficient showed no significant change between 
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(HE) staining. Compared with the control group, hyperemia occurred in the liver after 
exposure, resulting in an edema and the degeneration of liver cells in the hyperemic areas, 
with degenerative particles appearing in the cytoplasm. This occurred partly, rather than 
diffusing throughout the entire organ. After the TiO2 NPs exposure, we observed that the 
volume of glomeruli increased and the renal tubular cells exhibited edema. The maternal 
splenic corpuscles either disappeared or were demolished, with splenic sinusoids exhib-
iting hyperemia. The area of white pulp decreased, indicating atrophy of the white pulp. 

Figure 1. (A,B) The characteristics of TiO2 NPs determined by a transmission electronic micro-
scope (TEM), dynamic light scattering (DLS), and by the manufacturer’s report. (C) Maternal
body weights were determined before the female rats were fed every morning. Body weight
gain (BWG) = (mf − mi)/mi. “mf” represents the final body weight and “mi” represents the
initial body weight. (D) The main organs (liver, kidney, spleen, and ovary) were weighed and
the organ coefficients were calculated after the pregnant rats were executed on GD18. * p < 0.05,
** p < 0.01, *** p < 0.001. There were 7 rats in the control group and 8 rats in the exposure group.

3.2. Effects of TiO2 NPs on Maternal Conditions

The results revealed that the conception rate, with both groups showing 7 or 8 out
of 9 successful conceptions, exhibited no difference after the observation of vaginal plugs.
Maternal body weight and organ weights were recorded before and after the TiO2 NPs
exposure. The monitoring of body weight indicated that the maternal body weight did not
differ at the beginning of the study but increased throughout the entire pregnancy period in
both groups, with a significant difference observed at the end stage of pregnancy, while the
body weight gain (BWG) showed no significant change (Figure 1C). Additionally, compared
to control rats, the weight of the maternal liver, kidney, spleen, and their corresponding
organ coefficients, all increased on GD18 following exposure. Conversely, the weight of the
ovary and the ovarian coefficient showed no significant change between the two groups on
GD18 (Figure 1D).

3.3. Pathological Changes of Maternal Organs after TiO2 NPs Exposure

The maternal liver, kidney, spleen and ovary were examined by hematoxylin–eosin
(HE) staining. Compared with the control group, hyperemia occurred in the liver after
exposure, resulting in an edema and the degeneration of liver cells in the hyperemic
areas, with degenerative particles appearing in the cytoplasm. This occurred partly, rather

85



Toxics 2024, 12, 367

than diffusing throughout the entire organ. After the TiO2 NPs exposure, we observed
that the volume of glomeruli increased and the renal tubular cells exhibited edema. The
maternal splenic corpuscles either disappeared or were demolished, with splenic sinusoids
exhibiting hyperemia. The area of white pulp decreased, indicating atrophy of the white
pulp. Additionally, the splenic marginal zone widened. In comparison to the control group,
the maternal ovary showed no pathological changes after exposure (Figure 2).
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Figure 2. The pathological changes in the maternal liver, kidney, spleen, and ovary after exposure
were examined by light microscope after hematoxylin and eosin (HE) staining. Scale bar = 200 µm
in the liver, kidney, and spleen. Scale bar = 1000 µm in the ovary. Pathological changes in the liver,
kidney, and spleen were indicated with black circles, and hyperemia region was indicated with black
square. There were 7 rats in the control group and 8 rats in the exposure group.

3.4. Effects of TiO2 NPs on Fetal Birth Outcomes

Compared with the control group, the early embryo resorption rate significantly in-
creased after an exposure to TiO2 NPs, with a ratio of 0.019 (2/105) in the control group and
0.0737 (7/95) in the exposure group. Moreover, the number of pregnant rats experiencing
embryo loss significantly increased (2/7 in the control group and 5/8 in the exposure
group). Even a monocyesis was observed after exposure, which barely happens during
normal pregnancy (Figure S1). Although there was a decreasing trend, the total number
and total weight of the fetuses (including the fetus, placenta, and uterus) did not show a
significant difference after their exposure to TiO2 NPs (Figure 3A,B). However, the average
body weight (Figure 3C) and body length (Figure 3D,E) of the fetal rats decreased signif-
icantly (p < 0.05). The average placental diameters showed no difference (Figure 3G,H),
while their corresponding weights exhibited a slight but significant increase (0.05 g) in the
exposure group (Figure 3F).
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samples, and the urinary albumin to creatinine ratio (ACR) was utilized to normalize the pro-
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and 8 rats in the exposure group. 

3.6. TiO2 NPs Induced Maternal Proteinuria 
Maternal proteinuria was assessed on GD0, GD18, and AD3. The findings revealed 

that, after adjusting for the effects of creatinine, the albumin-to-creatinine ratio (ACR) sig-
nificantly increased in the TiO2 NPs exposure group on GD18, indicating the occurrence 

Figure 3. The main birth outcomes were recorded on GD18 after the mothers were executed. The
total fetal weight (A), total embryo number (B), average fetal weight (C), average fetal body length
(E), average placental weight (F), and placental diameter (G) were obtained from the control and
TiO2-treated group. (D,H) show images of the fetuses and placenta. * p < 0.05, ** p < 0.01. There were
105 fetal rats in the control group and 95 fetal rats in the exposure group.

3.5. TiO2 NPs Increased Maternal Mean Arterial Pressure (MAP)

Maternal mean arterial pressures (MAPs) were measured on GD0 (before mating),
GD18, and on the third day after delivery (AD3). The blood pressure monitoring results
indicated no significant difference between the two groups on GD0. However, the MAP
significantly increased in the exposure group on GD18 (Figure 4A). Furthermore, even after
delivery, their maternal MAPs remained significantly higher than those of the control rats,
indicating irreversible damage to the mothers.
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Figure 4. (A) The average maternal arterial pressures were measured using a non-invasive blood
pressure analyzer before pregnancy (GD0), on the 18th day of gestation (GD18), and on the third
day after delivery (AD3). (B) The maternal urinary protein levels were determined using spot urine
samples, and the urinary albumin to creatinine ratio (ACR) was utilized to normalize the proteinuria.
The data were indicated as mean ± SD. * p < 0.05. There were 7 rats in the control group and 8 rats in
the exposure group.

3.6. TiO2 NPs Induced Maternal Proteinuria

Maternal proteinuria was assessed on GD0, GD18, and AD3. The findings revealed
that, after adjusting for the effects of creatinine, the albumin-to-creatinine ratio (ACR)
significantly increased in the TiO2 NPs exposure group on GD18, indicating the occurrence
of proteinuria (Figure 4B). Moreover, the proteinuria persisted on the third day after
delivery, showing no signs of diminishing.
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3.7. Effects of TiO2 NPs on Placental Infiltration into Uterus

Placental infiltration and spiral artery (SA) remodeling were assessed using image
analysis software after revealing interstitial trophoblastic cells and smooth muscle cells.
The immunohistochemistry results indicated a decreased ratio of cytokeratin-positive
and an increased ratio of actin-positive cells in SA (Figure 5A,B). The area percentage
of interstitial trophoblast invasion into the maternal tissue (MT) significantly decreased
after the maternal exposure to TiO2 NPs (Figure 5C). Additionally, a reduction in both the
number and cross-section areas of the spiral arteries (SAs) in the placental triangle was
observed in the TiO2 NPs group compared to the control group (Figure 5D).
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Figure 5. (A) A placental invasion ability assessment was conducted using the percentage of intersti-
tial trophoblast invasion into the mesometrial triangle (MT). The infiltrated trophoblast cells were
identified using a cytokeratin-7 (CK-7) antibody. (B) Evidence of spiral artery (SA) remodeling was
also identified through the α-actin-positive smooth muscle cells. (C) The ratio of the cytokeratin-7-
positive trophoblast cell area to the MT area. (D) The cross-sectional areas and SA numbers were
measured by HE staining. A quantitative analysis was carried out with the Olympus OlyVIA software.
The data were indicated as mean ± SD. ** p < 0.01, *** p < 0.001. The obvious pathological changes
were indicated with black arrows, and the trophoblast invasion areas were outlined. There were 7
rats in the control group and 8 rats in the exposure group.
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3.8. Effects of TiO2 NPs on Maternal Glomerular Basement Membrane (GBM)

This glomerulus was stained with PAS to reveal the basement membranes. As shown
in Figure 6A, after the TiO2 NPs exposure, the capillary loops of the glomerulus were thin
and well defined, while the loops were blurred and the normal structures had disappeared,
indicating that the GBM was destroyed. A fibrinous deposition was easily observed in the
glomerulus. Figure 6B showed the ultra-microstructure observed by TEM; as shown, the
control tissue showed a clear and consecutive GBM, while the GBM in the exposure group
was fuzzy and became thin, fractures even occurred in certain areas.
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Figure 6. (A) The glomerular basement membrane (GBM) and deposit of fibrin were revealed by
periodic acid-Schiff (PAS) staining. (B) The ultra microstructure of the GBM was revealed by TEM
after a series of sample preparations, bar = 1 µm. The glomerular lesions were indicated with black
circles, and the fibrin deposition region was indicated with a black square. The normal and impaired
GBM were highlighted with black squares in TEM images. There were 7 rats in the control group and
8 rats in the exposure group.

3.9. Effects of TiO2 NPs on the Migration and Invasion Ability of Human Trophoblastic Cells

The migration and invasion abilities of human trophoblastic cells were assessed using
a transwell assay. The results (Figure 7A) revealed that, after an exposure to 10 µg/mL
TiO2 NPs, the number of penetrated cells significantly decreased when observed under a
light microscope.
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Figure 7. (A) The cellular migration and invasion ability of trophoblastic cell lines (HTR) were
determined by a transwell assay; cell counting was obtained from five independent fields of the light
microscope, and the data were presented as mean ± SD, scale bar = 100 µm. (B) The autophagy levels
of HTR cells exposed to TiO2 NPs were examined by immunofluorescence; the nuclei were stained
blued with DAPI and the autophagosomes were stained red with CY3. Their fluorescence density
was measured with the Zeiss software (https://www.zeiss.com/microscopy/en/products/software/
zeiss-zen.html accessed on 9 May 2024) within the laser confocal microscope software package. Scale
bar = 20,000 nm. *** p < 0.001, ** p < 0.01. The autophagsomes are indicated by the white circles in
the image.

3.10. Effects of TiO2 NPs on the Autophagy of Human Trophoblastic Cells

The autophagy levels of HTR cells were assessed through immunofluorescence com-
bined with a confocal microscope examination following their exposure to 10 µg/mL TiO2
NPs. Figure 7B showed that, after the exposure of TiO2 NPs, there was an observed in-
crease in the autophagy level of HTR cells. Specifically, in the control cells, there were few
LC3-positive dots, whereas, in the treated group, numerous autophagosomes formed and
accumulated in the cytoplasm.

4. Discussion

Due to the widespread use of TiO2 NPs in everyday products and the indications of
their toxicity to humans from numerous animal studies [21,22], concerns regarding their
safety for human beings, particularly pregnant women, have been raised. However, to date,
there is limited epidemiological evidence proving the risks of TiO2 NPs to pregnant women
and their fetuses. Therefore, establishing pregnant animal models is essential to explore
the potential effects following from TiO2 NPs exposures. In a previous study, Yamashita
et al. established a pregnant mice model to investigate the adverse effects of TiO2 NPs on
maternal and fetal health. They found that the placenta played a significant role as a target
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organ in mediating toxicity during pregnancy [23]. However, it has been suggested that
the rat placenta may be more suitable for studying human placental function, considering
the similarities in its trophoblastic cell invasion and spiral arterial remodeling [24]. In this
study, we opted for a pregnant rat model as it represents a suitable model and we primarily
focused on placental development after TiO2 NPs exposures.

To our knowledge, pregnant females are sensitive to their surroundings and to dif-
ferent manipulations, which can sometimes lead to abortion during the early stages of
pregnancy [25]. However, our results indicated that the conception rate did not differ
between the two groups, suggesting that the effects of manual manipulation could be disre-
garded. We observed that the maternal body weight across the two groups significantly
increased from the 12th day. We attribute this finding to the complex changes involving
organ weights and fetal weights, as well as the enhanced maternal blood glucose level
reported in our previous study [26]. Specifically, major maternal organs such as the liver,
kidney, and spleen exhibited hyperemia, with both organ weight and organ coefficient
showing significant increases. Meanwhile, the total fetal weight decreased, a phenomenon
also reported in Hong’s study [27].

Previous studies evaluating TiO2 NPs’ toxicity have shown similar pathological
changes in the liver, with researchers attributing these changes to inflammatory responses
or disturbances in the antioxidant system [28]. The kidney, which is the main organ for
TiO2 NPs’ excretion [29], exhibited glomerular swelling and an accumulation of red blood
cells after exposure, consistent with previous findings [30]. This alteration may result
from inflammation, as similar results have been reported in other studies [31]. The spleen,
an important immune organ, contains numerous macrophages at its edges, which play a
crucial role in responding to foreign substances [32]. In our study, we observed a widening
of the spleen edge after exposure, indicating a vigorous immune response, consistent with
previous findings that TiO2 NPs prime a specific activation state of macrophages [33]. Ad-
ditionally, a previous study demonstrated that TiO2 NPs exert immune toxicity by inducing
apoptosis and Toll-like receptor signaling [34], a finding supported by the observed atrophy
of the white pulp in our study.

Researchers have found that TiO2 NPs can induce premature ovarian failure, follicle
disorders, and ovarian dysfunction in female mice [35–37], indicating reproductive toxicity
in this species. However, no obvious pathological changes were observed in the present
study. This might be explained by the fact that, during pregnancy, follicle development
halts and its blood supply decreases compared to that in non-pregnant females, potentially
reducing the impact on the ovary, similar to the kidney responses.

Following the exposure to TiO2 NPs, there was a significant increase in embryo loss,
consistent with a previous finding [38]. Our results, along with those of previous reports,
suggest that TiO2 NPs may increase the abortion rate in humans after maternal exposure.
Decreases in average body weight and length suggest inhibited fetal development, raising
concerns about the potential associations between TiO2 NPs exposure and low fetal birth
weight or fetal growth restriction (FGR) in humans. As far as our knowledge extends, the
placenta plays a crucial role in embryo development, and the failure of proper placental
invasion can lead to abnormal fetal development. Therefore, placental infiltration was
further evaluated in our study.

The migration and invasion of trophoblast cells are known to be associated with the
maternal vascular network [39], and the invasion of trophoblast cells into the spiral arteries
is a critical process for vascular remodeling during pregnancy. Therefore, we evaluated
indicators closely related to placental development, including the percentage of the area
invaded by trophoblast cells in the mesometrial triangles, the presence of trophoblast cells
resting on a fibrinoid layer [18], and the cross-sectional area of the spiral arteries [19]. Our
results suggested an insufficient invasion of the placenta into the endometrium and a
failure to complete spiral artery remodeling. This restricted fetal blood supply and affected
fetal development, resulting in decreased fetal weight and length in the exposure group,
resembling the progression of preeclampsia.
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Inflammatory responses, cell apoptosis, and reactive oxygen species (ROS) were ob-
served in a placenta model after a maternal exposure to TiO2 NPs [40,41]. The authors
suggested these as possible mechanisms for placental vascular dysfunction. Recent studies
have shown that autophagy is an important mechanism contributing to placental dyspla-
sia [42]. Additionally, TiO2 NPs have been reported to induce autophagy in various cell
lines [43], potentially inhibiting the normal development of the rat placenta by inducing
autophagy in trophoblastic cells. Therefore, we investigated whether autophagy plays a
crucial role in TiO2 NPs-induced placental dysfunction. Our results showed a significant
increase in autophagy levels in the labyrinthine placenta after exposure. The evidence
indicates that TiO2 NPs can accumulate in the placenta and reach relatively high levels even
after exposure during pregnancy [27]. To verify whether TiO2 NPs could induce autophagy
at relatively low doses, we administered 10 µg/mL of TiO2 NPs to HTR, a human-derived
cell line, for further study. The results confirmed that TiO2 NPs could induce cell autophagy
and inhibit the migration and invasion ability of human trophoblastic cells, validating the
results observed in animal studies and raising concerns about the risks to pregnant women.

Considering that TiO2 NPs induced significant pathological and functional changes in
both the kidney and placenta, resembling those seen in preeclampsia, our study observed
increased blood pressure and the appearance of proteinuria after exposure, on GD18. Pre-
vious animal studies suggested that TiO2 NPs may deposit on the glomerular basement
membrane, inducing kidney inflammation, although the total urine protein levels did not
significantly change [44]. In our study, proteinuria was detected, potentially indicating
an increased kidney burden during pregnancy and protein leakage. It has been reported
that nanoparticles can induce kidney injury and elevate urinary retinol-binding proteins,
supporting our findings [45]. The kidney plays a crucial role in blood pressure regula-
tion [46], and TiO2 has been shown to activate ROS [47] or induce fibrosis via the Wnt
pathway [48], thus contributing to increased blood pressure through renal impairment via
reported or undetermined pathways after a TiO2 NPs exposure. An important characteristic
of preeclampsia is the resolution of hypertension and proteinuria after delivery. However,
in our study, hypertension and proteinuria did not revert to pre-pregnancy levels. It is
important to note that the disease induced by TiO2 NPs is not traditional preeclampsia,
and treatments for preeclampsia may not be effective and could potentially exacerbate
these related clinical symptoms during pregnancy. In our previous work, we identified
targets for reversing autophagy to mitigate the adverse effects of TiO2 NPs during human
placental development [49]. However, considering that microRNAs are species-specific
and the candidate microRNAs identified in human trophoblastic cells may not be suitable
for use in rats, we were unable to observe birth outcomes and placental development after
reversing placental autophagy. Nonetheless, targeting autophagy reversal may be a useful
approach to alleviating TiO2 NPs-related symptoms in pregnant women.

5. Conclusions

In this study, we demonstrated that pregnant rats exposed to TiO2 NPs via their
digestive tract from GD5 to GD18 exhibited significant alterations in maternal physiology,
organ pathology, fetal growth restriction, and a maternal preeclampsia-like syndrome. The
adverse effects on the fetus and mother may be associated with placental dysplasia, which
may be related to deficiencies in autophagy-related cell migration and invasion. Overall,
TiO2 NPs induced symptoms resembling those of preeclampsia in pregnant rats.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics12050367/s1, Figure S1: The image of the maternal uterus
that carried single pregnancy.
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Abstract: Cigarette smoke is a major risk factor for gastric cancer. Exosomes are an important
part of intercellular and intra-organ communication systems and can carry circRNA and other
components to play a regulatory role in the occurrence and development of gastric cancer. However,
it is unclear whether cigarette smoke can affect exosomes and exosomal circRNA to promote the
development of gastric cancer. Exosomes secreted by cancer cells promote cancer development by
affecting surrounding normal cells. Herein, we aimed to clarify whether the exosomes secreted
by cigarette smoke-induced gastric cancer cells can promote the development of gastric cancer by
affecting the surrounding gastric mucosal epithelial cells (GES-1). In the present study, we treated
gastric cancer cells with cigarette smoke extract for 4 days and demonstrated that cigarette smoke
promotes the stemness and EMT of gastric cancer cells and cigarette smoke-induced exosomes
promote stemness gene expression, EMT processes and the proliferation of GES-1 cells. We further
found that circ0000670 was up-regulated in tissues of gastric cancer patients with smoking history,
cigarette smoke-induced gastric cancer cells and their exosomes. Functional assays showed that
circ0000670 knockdown inhibited the promoting effects of cigarette smoke-induced exosomes on the
stemness and EMT characteristic of GES-1 cells, whereas its overexpression had the opposite effect. In
addition, exosomal circ0000670 was found to promote the development of gastric cancer by regulating
the Wnt/β-catenin pathway. Our findings indicated that exosomal circ0000670 promotes cigarette
smoke-induced gastric cancer development, which might provide a new basis for the treatment of
cigarette smoke-related gastric cancer.

Keywords: gastric cancer; cigarette smoke; circRNA; exosomes; Wnt/β-catenin

1. Introduction

Gastric cancer is the fourth most common malignant cancer and the third most com-
mon cause of cancer-related death worldwide, with more than 1 million new cases and
769,000 deaths annually [1]. Many factors are related to the occurrence and development of
gastric cancer, including gene mutations, infection, dietary factors, environmental factors
and cigarette smoke, among other [2,3]. Increasing evidence has shown that cigarette
smoke is closely related to the initiation and progression of gastric cancer [2]. Our previous
studies also found that cigarette smoke exposure induced malignant transformation and
epithelial–mesenchymal transition (EMT) in mouse gastric tissues [4,5]. Although progress
has been made in understanding the relationship between cigarette smoke and gastric can-
cer, the underlying mechanisms are still unclear. Whether cigarette smoke-induced gastric
cancer cells can somehow affect surrounding normal cells and promote the development of
gastric cancer is also not clear.
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Exosomes are an important component of extracellular vesicles, with a size of 30–150 nm,
and they are secreted by almost all cell types. Exosomes are an important part of the commu-
nication system between cells and within organs, and they can transfer active molecules and
biological signals from one cell type or tissue to another [6,7]. Many studies have indicated
that exosomes play a decisive role in the occurrence and development of gastric cancer [8,9].
The results of Yoon et al. identified that gastric cancer exosomes induce the transforma-
tion and field cancerization of the surrounding gastric epithelial cells [10]. Another study
showed that cancer-associated fibroblasts secrete exosomal miR-522 to inhibit ferroptosis
in gastric cancer cells by targeting ALOX15 and blocking lipid reactive oxygen species
(ROS) accumulation [11]. Cao et al. demonstrated that linc00852 from cisplatin-resistant
gastric cancer cell-derived exosomes regulates the COMM domain protein 7 to promote
the resistance of recipient cells [12]. It was further reported that exosomes inhibit HSP90
degradation and promote gastric cancer progression by regulating the circSHKBP1/miR-
582-3p/HUR axis [13]. Zhang et al. found that circNRIP1 affects metabolic changes in
gastric cancer cells and promotes the occurrence and development of gastric cancer through
exosome transport and the regulation of the miR-149-5p-AKT1/mTOR axis [14]. Previous
studies by our research team also found that exosomes transport active molecules and play
a regulatory role in the occurrence and development of gastric cancer [15–17]. However, it
is unclear whether cigarette smoke can affect exosomes and their transport molecules, such
as circular RNAs (circRNAs), to promote the occurrence and development of gastric cancer.

CircRNAs are covalently closed noncoding RNA with obvious tissue specificity and
cell specificity [18,19]. The abnormal expression of circRNAs is closely related to the
occurrence and development of gastric cancer. Previous results have shown that METTL14-
mediated circORC5 mA modification inhibited the progression of gastric cancer by regu-
lating the miR-30c-2-3p/AKT1S1 axis [20]. Furthermore, a study by Peng et al. revealed
that circAXIN1 encodes protein AXIN1-295aa, which activates the Wnt/β-catenin pathway
to promote gastric cancer progression [21]. Moreover, as the protein decoy of IGF2BP3,
circTNPO3 regulates the Myc/Snail axis to inhibit gastric cancer cell proliferation and
metastasis [22]. A previous study by our team found that circDIDO1 encodes DIDO1-529aa
and inhibits gastric cancer development by regulating PRDX2 stability [15].

CircRNA transport through exosomes has an important role in the occurrence and
development of gastric cancer [23]. Exosomal cirHKBP1 promotes the progression of
gastric cancer by regulating the miR-582-3p/HuR/VEGF axis and inhibiting Hsp90 degra-
dation [13]. Exosomal circNEK9 accelerates the progression of gastric cancer by regulating
the miR-409-3p/MAP7 axis [24]. Li et al. reported that the exosome-mediated transport
of circ29 promotes angiogenesis and gastric cancer progression by targeting the miR-
29a/VEGF pathway [25]. Studies have also found that cigarette smoke promotes the
occurrence and development of diseases by affecting the secretion or transport of active
components of exosomes [26–29]. In addition, cigarette smoke can regulate the expression
of circRNAs [30–33]. However, it is unclear whether cigarette smoke can regulate the
expression of exosomal circRNA derived from gastric cancer cells, ultimately affecting the
surrounding normal cells to promote the development of gastric cancer.

In summary, we speculated that circRNAs derived from cigarette smoke-induced
gastric cancer cell exosomes might affect surrounding normal cells to promote gastric cancer
development. As expected, we present in vitro evidence to demonstrate that cigarette
smoke-induced gastric cancer cell exosomes can enter surrounding normal cells to promote
the development of gastric cancer. Moreover, we found that circ0000670 is a key exosomal
component that promotes the development of cigarette smoke-related gastric cancer via
the Wnt/β-catenin pathway.

2. Materials and Methods
2.1. Cell and Cell Culture

The human gastric cancer cell lines HGC-27 and AGS were purchased from Shanghai
EK-Bioscience Biotechnology (Shanghai, China). Human gastric epithelial cells (GES-1)

97



Toxics 2023, 11, 465

were purchased from Shanghai GEFAN Biotechnology (Shanghai, China). HGC-27 cells
were cultured in RPMI-1640 medium (BioInd biological industries, Israel, catalog number:
01-100-1A). GES-1 and AGS cells were cultured in RPMI-1640 medium (BioInd biological
industries, Kibbutz Beit Haemek, Israel). All cells were cultured in medium supplemented
with 10% FBS (Bovogen Biologicals, Keilor East, Australia, catalog number: SFBS) at 37 ◦C
and 5% CO2.

2.2. Preparation of Cigarette Smoke Extract

Cigarette smoke extract was prepared daily before use according to the reported
method [34]. Briefly, one filterless 3R4F reference cigarette (9.4 mg tar and 0.73 mg nico-
tine/cigarette) was lit and the smoke was continuously drawn through a glass syringe
containing 10 mL of fetal bovine serum-free medium pre-warmed to 37 ◦C at a rate of
5 min/cigarette to generate a cigarette smoke extract solution. A control solution was pre-
pared with the same protocol, except that the cigarette was unlit. The resulting solution was
adjusted to pH 7.4 and then filtered through a 0.22 µm pore filter. The obtained suspension
was referred to as a 100% cigarette smoke extract solution.

2.3. Cell Counting Kit-8 Assay

For the cell counting kit-8 (CCK8) assay, which can be used to detect changes in
cell viability, cells were digested, resuspended, counted and planted in 96-well plates
(1 × 103 cells/well) [34] (Corning, New York, NY, USA, catalog number: 3599). Next,
110 µL medium containing 10 µL CCK-8 reagent (Vazyme, Nanjing, China, catalog number:
A311-02) was added to each well and then incubated for 2 h at 37 ◦C. The absorbance of
each well at 450 nm was measured using a microplate reader (Themo, Waltham, MA, USA).
The experiment was repeated at least three times in each group.

2.4. Colony Formation Assay

Cells were digested, resuspended, counted and seeded into 6-well plates (1000 cells/well)
for the indicated time [35]. The culture medium of cells in each group was changed every
3 days. At the end of the incubation period, the cells were fixed with 4% paraformaldehyde
and stained with crystal violet.

2.5. Cell Migration Assays

The exponential growth period cells (4 × 104) were seeded into the upper chamber in
24-well plates. The lower chamber was filled with 500 µL medium with 10% FBS. After
12–24 h of culture, these migrated cells at the bottom of the transwells (8 µm) were fixed
with 4% paraformaldehyde, stained with crystal violet and then photographed under
a microscope [15].

2.6. Lentiviral Transfection

The circ0000670 overexpression, knockdown and control lentivectors were purchased
from Hanbio Biotechnology (Shanghai, China). Cells in good condition at the logarithmic
growth stage were seeded in 6-well plates (8 × 104 cells/well). After 24 h, lentivirus
particles at an appropriate MOI (when overexpressed, the MOI of HGC-27 cells is 125,
while that of AGS cells is 60. For knockdown, the MOI of HGC-27 cells is 100, while that of
AGS cells is 60) were then added to the medium and incubated for 24–48 h. An appropriate
concentration of puromycin and 10% FBS medium were used to select the stably transfected
cell lines [35].

2.7. RNA Extraction and Real-Time PCR

Total RNA was isolated from cells using Trizol (Gibco, New York, USA, catalog
number: 15596018) and other reagents according to the experimental protocol. Reverse
transcription was performed according to the protocol of the reverse transcription kit
manufacturer (Vazyme, Nanjing, China, catalog number: R111-02) using 1 µg RNA [36].
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A real-time PCR experiment was carried out on a Step One Plus Real Time PCR System
(ABI, Shrewsbury, MA, USA) by using AceQ qpcr Sybr green master mix (Vazyme, Nanjing,
China, catalog number: Q111). β-actin served as the loading control. Fold changes in genes
expression were evaluated using the 2−∆∆Ct method. The primers were synthesized by
biological companies (Invitrogen, Waltham, MA, USA) and the primer sequences are listed
in Table 1.

Table 1. Primer sequences.

Gene Name Primer Sequences (5′-3′)

OCT4
F:5′-TGGAGAAGGTGGAACCAACT-3′

R:5′-AGATGGTGGTCTGGCTGAAC-3′

NANOG
F:5′-GGAACGCCTCATCAATGC-3′

R:5′-TGTCAGCCTCAGGACTTGAGA-3′

SOX2
F:5′-ACACCAATCCCATCCACACT-3′

R:5′-GCAAACTTCCTGCAAAGCTC-3′

N-cadherin
F:5′-CTCCACTTCCACCTCCACAT-3′

R:5′-GGACTCGCACCAGGAGTAAT-3′

E-cadherin
F:5′-GGACTCGCACCAGGAGTAAT-3′

R:5′-TTGGCTGAGGATGGTGTAAG-3′

Vimentin
F:5′-GAGCTGCAGGAGCTGAATG-3′

R:5′-AGGTCAAGACGTGCCAGAG-3′

circ0000670
F:5′-GGTTCATACCTCTAATTCATGTGG-3′

R:5′-CATTTTCTTCCTAGACAAAGCCTTA-3′

β-catenin
F:5′-TGACACCTCCCAAGTCCTTT-3′

R:5′-TTGCATACTGCCCGTCAAT-3′

GAPDH
F:5′-GCTGCCCAACGCACCGAATA-3′

R:5′-GAGTCAACGGATTTGGTCGT-3′

2.8. Agarose Gel Electrophoresis

We laced the agarose gel (2.0%) in the electrophoresis tank, mixed 10 µL of PCR
product, buffer solution and marker, then added this into the sample well. We performed
electrophoresis for 40 min at 110 V then EB staining for 10 min, and the results were
observed with a gel imaging system [37].

2.9. Western Blotting

Total proteins from cells were harvested and lysed in radioimmunoprecipitation
buffer supplemented with 1% protease inhibitors (Pierce, Dorchester, MA, USA, catalog
number: 88668). Equal amounts of the total protein were separated on 7.5%–10% SDS-
polyacrylamide gel and transferred to 0.45 µm PVDF membranes [38] (Millipore, Burlington,
MA, USA, catalog number: IPVH00010). After being blocked with 5% skimmed milk for
1 h, the membranes were incubated with the primary antibodies for GAPDH (1:5000,
Bioworld, Minneapolis, MN, USA, catalog number: AP0063), Vimentin, SOX2 (1:1000,
Bioworld, Minneapolis, MN, USA, catalog number: BS1491, MB0064), E-cadherin, N-
cadherin (1:1000, CST, USA, catalog number: 3195T, 13116P), NANOG, LIN28 and CD44
(1:500, SAB, Los Angeles, CA, USA, catalog number: 21423, 21626) at 4 ◦C overnight.
After being washed three times with tris-buffered saline and Tween, the membrane was
incubated with horseradish peroxidase-conjugated secondary antibody (1:5000, Bioworld,
Minneapolis, MN, USA) for 1 h. Then, the protein bands were visualized using an enhanced
chemiluminescent substrate detection system (Millipore, Burlington, MA, USA, catalog
number: WBKLS0500).

2.10. Extraction and Identification of Exosomes

We inoculated the same number of cells into the culture dishes, and then each group
of cells received different treatments. We collected cell culture supernatant and extracted
exosomes from each group of cells using the ultracentrifugation method as reported pre-
viously [39]. Transmission electron microscopy was used to detect the morphology of
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exosomes, a NanoSight nanoparticle tracking analyzer was used to detect the particle size
of exosomes and Western blotting was used to detect the expression of markers such as
CD9, CD63, CD81, Albumin, Calnexin, HSP70, etc.

2.11. NanoSight Nanoparticle Tracking

Exosomes of gastric cancer cells were diluted to the appropriate proportion with PBS
(1:1000–1:5000); then, 1 mL of the suspension was analyzed with a NanoSight nanoparticle
analyzer [40] (Particle Metrix, Dusseldorf, Germany). Changes in the particle size and
concentration of exosomes were analyzed using NanoSight nanoparticle tracking.

2.12. Transmission Electron Microscope Scanning

The gastric cancer cell exosome suspensions, with an appropriate dilution of PBS,
were transferred to copper mesh and allowed to stand at room temperature for 2–5 min,
and then counterstained with 3% phosphotungstic acid for 1–3 min. The morphology of
gastric cancer cell exosomes was observed with a transmission electron microscope [41]
(Philips, Amsterdam, The Netherlands).

2.13. Immunofluorescence Assay

Exosomes were added to DIL cell tracer at a ratio of 1:1000, mixed well and placed
in a 37 ◦C constant-temperature incubator for 30 min. Cells were centrifuged at 4 ◦C at
1500× g for 30 min and resuspended in PBS. Cells were fixed with 4% paraformaldehyde
for 20 min and washed with PBS. They were then treated with 0.2% triton X-100 for 10 min
and washed with PBS. Serum was used for blocking for 30 min, and samples were washed
three times with PBS. A β-actin antibody was incubated with the cells overnight at 4 ◦C,
and they were then washed three times with PBS. The secondary antibody was incubated
with the sample at room temperature for 2 h. DAPI staining and PBS washing were then
performed three times. Cells were observed under a fluorescence microscope.

2.14. Ethics Statement

The gastric cancer tissues and adjacent noncancerous tissues were collected from
advanced gastric cancer patients with a history of smoking for more than 5 years who had
not received chemotherapy at the affiliated hospital of Jiangsu University. This study was
approved by the institutional ethical committee of Jiangsu University (2012258) and written
informed consent was obtained from all patients prior to tissue collection.

2.15. Statistical Analysis

All the statistical data are presented as mean ± standard deviation and were analyzed by
using SPSS software 22.0 (SPSS, Chicago, IL, USA). Unpaired Student’s t-test and one-way anal-
ysis were used according to actual conditions. Values of p < 0.05 were considered significant.

3. Results

Cigarette smoke extract promotes EMT and stemness gene expression in gastric cancer cells.
To investigate the effect of cigarette smoke on gastric cancer cells, gastric cancer cells

(HGC-27 and AGS) were treated with various concentrations of cigarette smoke extract
for 4 days, and 0.5% cigarette smoke extract was selected for the following experiments
(Figure 1A). We found that cigarette smoke extract promoted the expression of OCT4,
Lin28, Nanog, Vimentin and N-cadherin (Figure 1B,C). At the same time, the expression of
E-cadherin was inhibited (Figure 1B,C). These results suggested that cigarette smoke could
promote the EMT and stemness of gastric cancer cells.
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Figure 1. Cigarette smoke promotes EMT and stemness of gastric cancer cells. Gastric cancer cells (HGC-27
and AGS) were treated with cigarette smoke extract for 4 days. (A) Effects of different concentrations of
cigarette smoke extract on the activity of gastric cancer cells. (B,C) Protein expression of stemness and
EMT markers in gastric cancer cells after cigarette smoke extract exposure. * p < 0.05, ** p < 0.01.

3.1. Effect of Cigarette Smoke on Exosomes of Gastric Cancer Cells

We next extracted the exosomes secreted by gastric cancer cells before and after
cigarette smoke extract exposure and analyzed the effect of cigarette smoke on the exosomes
of gastric cancer cells. We found that compared with the group without cigarette smoke
extract exposure, cigarette smoke extract did not significantly affect the particle size or
average secretion level of exosomes (Figure 2A). We identified the extracted exosomes
using surface marker proteins (Figure 2B). Transmission electron microscopy showed that
exosomes were spherical or oval vesicles, and there were no significant changes in the
morphology before and after cigarette smoke extract exposure (Figure 2C). These results
suggest that cigarette smoke had no significant effect on the particle size, secretion or
surface markers of exosomes secreted by gastric cancer cells.
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Figure 2. Effect of cigarette smoke on exosomes of gastric cancer cells. Gastric cancer cell exosomes
were extracted before and after cigarette smoke exposure. (A) Detection of exosomes with a nanopar-
ticle tracking analyzer. (B) Exosome-labeled proteins such as CD9, CD63, CD81, Calnexin, Albumin
and HSP70 were detected using Western blotting. (C) The morphology of exosomes before and after
cigarette smoke extract treatment were observed using transmission electron microscopy.
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3.2. Cigarette Smoke-Induced Exosomes Promote the Stemness and EMT of GES-1 Cells

The enhancement of the stemness and EMT characteristic of cells plays an important
role in the occurrence and development of gastric cancer. To clarify whether cigarette smoke-
induced gastric cancer cell exosomes could affect surrounding normal cells to promote the
development of gastric cancer, 300 µg of gastric cancer cell exosomes treated with cigarette
smoke extract was cocultured with GES-1 cells. An immunofluorescence assay showed that
the exosomes treated with cigarette smoke extract were absorbed by GES-1 cells (Figure 3A).
Changes in the protein and mRNA levels of stemness and EMT makers in GES-1 cells before
and after treatment with cigarette smoke-induced exosomes were detected (Figure 3B–E). The
results showed that cigarette smoke-treated exosomes from gastric cancer cells promoted the
expression of Vimentin and N-cadherin and inhibited the expression of E-cadherin. Further-
more, the migration ability of GES-1 cells was significantly enhanced (Figure 3F,G). In addition,
cigarette smoke-treated exosomes increased the expression of stemness genes (Nanog, OCT4,
Lin28). These data revealed that cigarette smoke-treated exosomes of gastric cancer cells
promote the stemness and EMT of GES-1 cells, and might play an important role in gastric
cancer progression.
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Figure 3. Cigarette smoke-induced exosomes promote the stemness and EMT of GES-1 cells. Cigarette
smoke-induced GC cell exosomes were administered to GES-1 cells for 4 days. (A) Exosomes of
gastric cancer cells were taken up by GES-1 cells. (B,C) Effect of cigarette smoke-induced exosomes on
the protein levels of stemness and EMT markers. (D,E) Effect of cigarette smoke-induced exosomes
on stemness and EMT marker mRNA expression. (F,G) Cigarette smoke-induced exosomes promoted
GES-1 cell migration. ** p < 0.01.

3.3. Circ0000670 Was Highly Expressed in Cigarette Smoke-Exposed Gastric Cancer Cells
and Exosomes

Emerging evidence indicates that circRNA plays an important role in the progression
of gastric cancer. To determine whether circRNA is involved in the process through
which cigarette smoke-induced exosomes promote gastric cancer progression, we analyzed
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circRNA microarray data (GSE83521 and GSE93541) from the Gene Expression Omnibus
database (GEO, https://www.ncbi.nlm.nih.gov/geo/, accessed on 31 December 2021) to
obtain circRNA expression profiles, which were verified in the tissues of gastric cancer
patients with a smoking history (Figure 4A,B). The results of agarose gel electrophoresis
(Figure 4D) and Sanger sequencing (Figure 4E) showed that the circ0000670 primer design
was successful. The results showed that circ0000670 expression was significantly up-
regulated in gastric cancer tissues. We also found that cigarette smoke could up-regulate
the expression of circ0000670 in gastric cancer cells and the exosomes secreted by gastric
cancer cells (Figure 4G). In addition, we found that the expression of circ0000670 showed an
increasing trend in gastric cancer patients with a smoking history (n = 40, 34/40) (Figure 4H).
These results determined that circ0000670 was highly expressed in cigarette smoke-exposed
gastric cancer cells and exosomes.
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Figure 4. Circ0000670 is highly expressed in cigarette smoke-exposed gastric cancer cells and exo-
somes. The differentially expressed circRNAs were screened and verified in gastric cancer tissues,
gastric cancer cells and exosomes. (A) Screening of differentially expressed circRNAs from the GEO
database. (B) Major circRNAs with obvious differential expression. (C) Schematic diagram of mode
of circ0000670 formation. (D) The results of agarose gel electrophoresis. (E) Sanger sequencing results
of PCR products of circ0000670. (F) The level of circ0000670 in GSE-1 cells after RNase R treatment
compared with the level of β-actin. (G) Expression of circ0000670 in gastric cancer cells and their
exosomes exposed to cigarette smoke. (H) Expression of circ0000670 in the tissues of 40 gastric cancer
patients with a smoking history. ** p < 0.01, compared with control.

3.4. Role of Circ0000670 in Cigarette Smoke-Induced Exosomes Promoted GES-1 Cell Stemness
and EMT

To study the mechanism through which circ0000670 from CS-treated exosomes pro-
motes the stemness and EMT of GES-1 cells, we constructed circ0000670 knockdown and
overexpression lentivirus vectors. Cigarette smoke-induced gastric cancer cells were trans-
fected with the circ0000670 knockdown and overexpression lentivirus vectors, and the
expression of circ0000670 in exosomes was detected. The knockdown lentivirus had no
significant effect on the particle size and morphology of exosomes (Figure 5C). Our results
further showed that the circ0000670 knockdown lentivirus vector could significantly inhibit
the high expression of circ0000670 in cigarette smoke-treated exosomes (Figure 5D). The
promoting effect of cigarette smoke-treated exosomes on the protein and mRNA expres-
sion of stemness and EMT markers of GES-1 cells was significantly inhibited by the low
expression of circ0000670 (Figure 5E,G). The migration ability of GES-1 cells was significantly
weakened (Figure 5F). Moreover, the circ0000670 overexpression lentivirus vector increased
the expression of circ0000670 in gastric cancer cell exosomes (Figure 5I). The results suggested
that the overexpression of circ0000670 in exosomes significantly promotes the protein and
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mRNA levels of stemness and EMT markers of GES-1 cells (Figure 5J,L). The migration ability
of GES-1 cells was also enhanced (Figure 5K). These results indicated that circ0000670 plays a
crucial role in the development of cigarette smoke-induced gastric cancer.
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Figure 5. Role of circ0000670 in the promotion of GES-1 cell stemness and EMT by cigarette smoke-
induced exosomes. A circ0000670 knockdown lentivirus vector was transferred into the cigarette
smoke-induced gastric cancer cells, and exosomes were extracted to treat GES-1 cells. (A) Cell
infection after treatment with circ0000670 knockdown lentivirus vector. (B) Expression of circ0000670
in gastric cancer cells after knockdown. (C) Effects of circ0000670 knockdown on the morphology
and particle size of HGC-27 exosomes. (D) Expression of circ0000670 in exosomes after circ0000670
knockdown. (E) Protein expression of stemness and EMT markers after knockdown. (F) Changes in
migration ability of GES-1 cells after knockdown of circ0000670. (G) mRNA expression of stemness
and EMT markers after knockdown. (H) Effects of overexpression of circ0000670 on the morphology
and particle size of AGC exosomes. (I) Expression of circ0000670 in exosomes after circ0000670
overexpression. (J) Protein expression of stemness and EMT markers after circ0000670 overexpression.
(K) Changes in migration ability of GES-1 cells after overexpression of circ0000670. (L) mRNA
expression of stemness and EMT markers after overexpression. ** p < 0.01, *** p < 0.001, compared
with control, # p < 0.05, ## p < 0.01 compared with si-HGC-exosomes.
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The Wnt/β-catenin pathway might be a downstream effector of the cigarette smoke-
induced exosomal circ0000670-mediated promotion of gastric cancer progression.

To further explore the mechanism through which cigarette smoke-induced exosomal
circ0000670 promotes the development of gastric cancer, we performed bioinformatics
analysis and found that circ0000670 was associated with the Wnt/β-catenin signaling path-
way. Gastric cancer cells were treated with the β-catenin-targeting inhibitor jw55, cigarette
smoke and lentivirus, alone or in combination, and then the exosomes were extracted.

The results showed that the high expression of β-catenin and c-Myc induced by
cigarette smoke was inhibited by jw55 in gastric cancer cells. Moreover, circ0000670
overexpression significantly up-regulated the expression of β-catenin and c-Myc in gastric
cancer cells, whereas jw55 inhibited this (Figure 6A). The expression of β-catenin, c-Myc
and stemness genes as well as EMT, which was promoted by gastric cancer cell exosomes
treated with cigarette smoke, was blocked in the jw55 group (Figure 6A–C). Gastric cancer
cell exosomes of the circ0000670overexpression group up-regulated the expression of β-
catenin, c-Myc and stemness genes and promoted EMT in GES-1 cells. Exosomes from
GC cells of the combined jw55-treated and circ0000670 overexpression group inhibited the
enhanced expression of stemness genes, β-catenin, c-Myc and EMT caused by circ0000670
overexpression.
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Figure 6. Wnt/β-catenin pathway regulates the gastric cancer-promoting effect of cigarette smoke-induced
exosomes. A circ0000670 overexpression lentivirus and the β-catenin-targeting inhibitor jw55 were used
to treat cigarette smoke-induced GC cells alone or in combination, and exosomes were extracted to treat
GES-1 cells. (A) Changes in the protein levels of β-catenin and c-Myc. (B) Changes in the protein levels
of stemness and EMT markers in GES-1 cells. (C) Changes in the mRNA levels of stemness and EMT
markers in GES-1 cells. (D) Changes in the migration ability of GES-1 cells. (E) Changes in the protein
levels of β-catenin and c-Myc. (F) Changes in the protein levels of stemness and EMT markers in GES-1
cells. (G) Changes in the mRNA levels of stemness and EMT markers in GES-1 cells. (H) Changes in the
migration ability of GES-1 cells. * p < 0.05, ** p < 0.01, compared with control.

It was also found that inhibition of the Wnt/β-catenin pathway could inhibit the
expression of stemness genes and EMT in gastric cancer cells (Figure 6E–H). Furthermore,
the circ0000670 knockdown lentivirus vector inhibited the up-regulation of β-catenin and
c-Myc expression induced by cigarette smoke (Figure 6E). The circ0000670 knockdown
virus combined with jw55 treatment significantly inhibited the cigarette smoke-induced
up-regulation of β-catenin and c-Myc expression compared to that with the jw55 treatment
alone. Further study found that the exosomes of the jw55 treatment group of gastric cancer
cells inhibited the expression of stemness genes and EMT in GES-1 cells. Meanwhile,
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exosomes of gastric cancer cells in the circ0000670 knockdown group inhibited the up-
regulation of β-catenin and c-Myc expression induced by cigarette smoke. Exosomes of
gastric cancer cells treated with the circ0000670 knockdown vector and jw55 significantly
inhibited the cigarette smoke-induced up-regulation of β-catenin, c-Myc, stemness gene
expression and EMT compared to those with treatment alone (Figure 6E–H). Based on
these results, we speculated that the Wnt/β-catenin pathway might be downstream of
cigarette smoke-induced exosomal circ0000670 with respect to the promotion of gastric
cancer progression.

4. Discussion

There is substantive evidence demonstrating that cigarette smoke is one of the primary
causes of gastric cancer. However, the molecular mechanisms by which cigarette smoke
promotes gastric cancer are not well established. Exosomes transmit active substances and
signals to surrounding cells, which promote the development of gastric cancer. In this study,
we found that cigarette smoke enhances the proliferation, stemness and EMT of gastric
cancer cells. Furthermore, exosomes derived from cigarette smoke-treated gastric cancer
cells promoted the stemness and EMT process of GES-1 cells. In addition, our data indi-
cated that exosomal circ0000670 plays a regulatory role in the mechanism through which
cigarette smoke enhances the stemness and EMT of GES-1 cells. Furthermore, the Wnt/β-
catenin pathway might be downstream of cigarette smoke-induced exosomal circ0000670
with respect to the promotion of gastric cancer progression. In conclusion, circ0000670
transported by gastric cancer cell exosomes regulates the Wnt/β-catenin pathway, affecting
the biological characteristics of surrounding GES-1 cells and ultimately promoting the
development of gastric cancer.

Cigarette smoke plays an important role in the occurrence and development of gastric
cancer [42,43], but it is unclear whether cigarette smoke can promote the development of
gastric cancer via exosomes. Exosomes are an important part of the communication system
between cells and within organs, and they can transfer active molecules and biological
signals from one cell type or tissue to another [6,7]. Many studies have indicated that
exosomes play a decisive role in the occurrence and development of gastric cancer [8,9].
Cigarette smoke is involved in the occurrence and development of a variety of diseases
by affecting exosomes [28,44,45]. In this study, we mainly clarified that cigarette smoke
could affect the fate of surrounding GES-1 cells through gastric cancer cell exosomes and
then promote the development of gastric cancer. Gastric cancer cell-derived exosomes
were extracted before and after cigarette smoke exposure, and we examined the effects of
cigarette smoke on exosomes. The results identified that there were no significant changes
in exosome size and average secretion after cigarette smoke exposure. EMT is a common
cellular process. Cells lose epithelial properties and acquire mesenchymal properties.
Normal cells can acquire EMT properties, which may be an important feature in the
carcinogenic process. Meanwhile, EMT participates in pro-cancerous tissue remodeling of
gastric cancer and other tumors. Many cancers, including gastric cancer, arise from cancer
stem cells. Therefore, the enhancement of stem cell characteristics plays an important
indicator role in the occurrence and development of gastric cancer. We also observed
the effects of cigarette smoke-treated gastric cancer cell exosomes on the stemness and
EMT of GES-1 cells. We found that cigarette smoke-induced exosomes could promote the
expression of Nanog, OCT4, Lin28 and vimentin and inhibit the expression of E-cadherin.
In addition, the migration of GES-1 cells was also significantly enhanced (Figure 3). These
results suggested that cigarette smoke-induced exosomes of gastric cancer cells promote
the proliferation, stemness and EMT of GES-1 cells, and play an important role in gastric
cancer progression.

Exosomes carry noncoding RNA, protein and other molecules to participate in cell
communication and have a critical role in gastric cancer and other cancers [46,47]. The
abnormal expression of circRNAs is closely related to the occurrence and development
of gastric cancer [20,48,49]. It was found that cigarette smoke affects circRNAs and other
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noncoding RNAs transported by exosomes and plays a role in the occurrence and de-
velopment of diseases [27,28,32]. In the current study, we investigated whether cigarette
smoke promotes gastric cancer by affecting the components carried by exosomes, such as
circRNA. We first screened and verified abnormally expressed circRNAs from the GEO
database (GSE83521 and GSE93541) and tissues of gastric cancer patients with a smok-
ing history. The results indicated that circ0000670 is highly expressed in the tissues of
gastric cancer patients with a smoking history. Liu et al. also reported that circ0000670
plays an important role in the development of gastric cancer [50], but its role in cigarette
smoke-induced gastric cancer and the effects of cigarette smoke-induced gastric cancer cell
exosomes on the fate of surrounding normal cells was not clear. Our results showed an
increasing trend in 40 gastric cancer patients with a smoking history (85%). We also found
that cigarette smoke promoted the expression of circ0000670 in gastric cancer cells (HGC-27
and AGS) and associated exosomes (Figure 4). To study the role of exosomal circ0000670 in
promoting the stemness and EMT of GES-1 cells, we commissioned a biological company
to construct circ0000670 knockdown and overexpression lentivirus vectors. In further ex-
periments, circ0000670 knockdown and overexpression lentivirus vectors were transferred
into cigarette smoke-treated gastric cancer cells, and the expression of circ0000670 in gastric
cancer cell exosomes was detected. We found that the augmenting effect of gastric cancer
cell exosomes on the stemness and EMT of GES-1 cells was inhibited by the knockdown of
circ0000670 (Figure 5C–G). In contrast, the results showed that gastric cancer cell exosomes
of the circ0000670-overexpressing group could promote the stemness and EMT of GES-1
cells (Figure 5H–L).

In order to further explore the mechanism through which cigarette smoke-induced
exosomal circ0000670 promotes the development of gastric cancer, we performed bioinfor-
matic analysis and found that circ0000670 was associated with the Wnt/β-catenin signaling
pathway. A previous study revealed that the activation of the Wnt/β-catenin pathway
promotes the occurrence and development of cancers, including gastric cancer [51–53].
CircRNA also affects the occurrence and development of gastric cancer by regulating the
activity of the Wnt/β-catenin pathway [21,54]. In this study, gastric cancer cells were
treated with the β-catenin-targeting inhibitor jw55, cigarette smoke and lentivirus, alone
or in combination, and then the exosomes were extracted. The results suggested that
the Wnt/β-catenin pathway might be downstream of cigarette smoke-induced exosomal
circ0000670 with respect to the effects on the surrounding normal cells and the promotion
of gastric cancer progression.

5. Conclusions

In summary, cigarette smoke-induced gastric cancer cell exosomal circ0000670 acts as
a promoter of gastric cancer by affecting the fate of surrounding normal cells and might be
a potential target for the prevention and treatment of gastric cancer. These findings provide
new insights into the mechanism of cigarette smoke-related gastric cancer.
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Abstract: Objective: To find the metabolomic characteristics of tumor or para-tumor tissues, and
the differences in serums from papillary thyroid cancer (PTC) patients with or without lymph node
metastasis. Methods: We collected serums of PTC patients with/without lymph node metastasis
(SN1/SN0), tumor and adjacent tumor tissues of PTC patients with lymph node metastasis (TN1 and
PN1), and without lymph node metastasis (TN0 and PN0). Metabolite detection was performed by
ultra-high performance liquid chromatography combined with Q-Exactive orbitrap mass spectrome-
try (UPLC Q-Exactive). Results: There were 31, 15 differential metabolites in the comparisons of TN1
and PN1, TN0 and PN0, respectively. Seven uniquely increased metabolites and fourteen uniquely
decreased metabolites appeared in the lymph node metastasis (TN1 and PN1) group. Meanwhile, the
results indicated that four pathways were co-owned pathways in two comparisons (TN1 and PN1,
TN0 and PN0), and four unique pathways presented in the lymph node metastasis (TN1 and PN1)
group. Conclusions: Common or differential metabolites and metabolic pathways were detected
in the lymph node metastasis and non-metastatic group, which might provide novel ways for the
diagnosis and treatment of PTC.

Keywords: papillary thyroid cancer; metabolomics; lymph node metastasis; tumor tissue; serum

1. Introduction

Thyroid cancer is the most common endocrine malignancy disease. Papillary thyroid
cancer (PTC), the major subtype, is derived from thyroid follicular cells [1]. The 30-year
recurrence rate (29.4%) and cause-specific mortality (8.6%) of PTC still raise concern [2]. As
PTC is most likely to metastasize to cervical lymph nodes in 30% to 90% of patients [3,4],
lymph node metastasis is a critical risk factor for PTC recurrence and distant metasta-
sis [5]. At present, ultrasound is the most commonly used diagnostic method for thyroid
cancer [6–9]. The sensitivity and specificity of ultrasound detection in predicting central
lymph node metastasis of PTC ranged from 40.4% to 92.9% and from 39.7% to 79.4%,
respectively [10]. In addition, there is still no consensus on the supplementary diagnosis
markers; for example, the predictive value of HBME-1 in lymph node metastasis of PTC is
still conflict [11,12], and the mutations of BRAF and TERT promoter in predicting lymph
node metastasis of PTC are still controversial [10,13–17]. Therefore, it is necessary to seek
new markers of PTC with lymph node metastasis. Metabolic change is one of the important
markers of tumors [18]. Metabolomics is an analytical study of multiple low-molecular-
weight metabolites, and it is also downstream of gene expression and protein activity [19].
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At the moment, metabolomics is widely used in disease prediction, mechanism exploration,
and for providing new diagnostic molecular markers and therapeutic targets [20,21].

The metabolomics of PTC have been studied by gas chromatography–mass spectrome-
try (GC–MS) [22] and nuclear magnetic resonance (NMR) [23]. However, different analytical
platforms have different metabolic coverage, which can provide various metabolomics
information [24]. Liquid chromatography–mass spectrometry (LC–MS) is a commonly
used technology in metabolomics analysis with high sensitivity and broad coverage [25].
There were insufficient published metabolomic studies on PTC using LC–MS. In addition,
the understanding of metabolomics alterations with respect to lymph node metastasis
is still deficient. Given these facts, it is necessary to adopt LC–MS-based metabolomics
technology to observe the detailed metabolic changes and disordered metabolic pathways
in PTC patients with lymph node metastasis.

Therefore, we performed the current study using an ultra-high performance liquid
chromatography tandem Q-Exactive mass spectrometry (UPLC Q-Exactive MS) to detect
the differences in serum and tumor tissue metabolism profiles between PTC patients with
and without lymph node metastasis, looking for metabolic markers that could serve as
diagnostic and prognostic indicators for PTC and new therapeutic targets for PTC.

2. Materials and Methods
2.1. Subjects Recruitment

This study was approved by the Ethics Committee of the First Affiliated Hospital of
Nanjing Medical University. All the participants signed the informed consent forms. All the
participants had undergone thyroidectomy between February 2013 and May 2017. Histolog-
ical assessment was carried out according to the criteria established by the World Health Or-
ganization [26]. Pathological diagnosis was performed independently by two pathologists.

We set inclusion criteria as following: (1) patients who were 18 to 65 years old;
(2) patients without distant metastasis. There were 34 patients that provided both tissue
samples and serum samples. We excluded patients with other malignant tumors, hyperten-
sion, diabetes, thyroid dysfunction or other diseases which might influence metabolism, and
patients who had long-term use of drugs. A total of 12 patients were excluded, including
2 patients with diabetes, 5 patients with hypertension, 2 patients with diabetes and hyper-
tension, 2 patients with thyroid dysfunction and 1 patient with other malignant tumor.

Finally, there were 8 patients with lymph node metastasis that provided tumor tissues
(TN1), para-tumor tissues (PN1) and blood serum (SN1). For patients without lymph node
metastasis, there were 14 individuals that provided tumor tissues (TN0), para-tumor tissues
(PN0) and blood serum (SN0). The workflow for this study is shown in Figure S1.

2.2. Metabolomic Analysis

Samples were prepared according to the previous literature [27]. The tissue preparation
steps were as follows: 50 mg of frozen tissue was cut with surgical scissors, then mixed with
750 µL ultra-pure water and ultrasonicated (power: 60%). The supernatant was obtained
after centrifugation (16,000× g, 15 min, 4 ◦C). Then, internal standards were added. The
dried residues were reconstituted for metabolomic analysis. Serum sample preparation
steps were as follows: 40 µL methanol and internal standards were added into 10 µL of
serum. After centrifugation (16,000× g, 15 min, 4 ◦C), the supernatant was obtained. Then,
the dried residues were reconstituted for metabolomic analysis.

The metabolomic analysis was performed as a previous report [27]. Briefly, UPLC
Q-Exactive MS analysis was performed using a UPLC Ultimate 3000 system (Dionex, Ger-
mering, Germany) plus a Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) in both positive and negative modes with fullscan acquisition (70–1050 m/z).
The instrument performed at 70,000 resolution. A multistep gradient (mobile phase A:
0.1% formic acid in ultra-pure water, mobile phase B: 0.1% formic acid in pure CAN)
was operated at a flow rate of 0.4 mL/min, and the runtime was 15 min. The metabolite
identification was based on the comparisons of retention time and accurate mass with
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metabolite standards. All samples were analyzed in a randomized manner to avoid effects
induced by the injection order.

2.3. Statistical Analysis and Bioinformatics Analysis

Data collation was performed with Excel. Data analysis was performed with IBM SPSS
Statistics Premium V25.0 and R. Patients’ clinical information between groups was analyzed
with a t test and Fisher’s exact test. According to the relative quantification of metabolites,
differential metabolites were screened with a t-test after log transformation. Metabolite
pathway and enrichment analysis were performed using MetaboAnalyst 5.0. Statistical
significance was defined using a Benjamini-Hochberg (B-H) FDR <0.05. A visualization of
altered metabolites in the global metabolic network was constructed with iPath 3.0. A Venn
diagram was made with jvenn.

3. Results
3.1. Population Characteristics

The tissue and serum samples (n = 22, male/female: 3/19, metastasis/no metastasis:
8/14) of PTC patients were collected. The clinical information of each group was presented
in Table S1. No significant differences in gender, age and body mass index were found.
The difference in maximum tumor diameter (cm) between the two groups was statistically
significant, which revealed that the size of PTC tumors affects the lymph node metastasis
of PTC to some extent. Our result was consistent with a previous study [28].

3.2. The Altered Metabolites

Finally, a total of 152 metabolites and 129 metabolites were annotated from the de-
tected spectral features from UPLC Q-Exactive in tissues and serums respectively. In
total, 31 metabolites were significantly altered (p < 0.05 and FDR < 0.05) in the compari-
son between TN1 and PN1. Among these altered metabolites, 23 metabolites decreased
and 8 metabolites increased (Table 1). We found 15 metabolites were significantly altered
(p < 0.05 and FDR < 0.05) in the comparison between TN0 and PN0. When compared to
the PN0 group, 13 metabolites were significantly down-regulated, while 2 metabolites
were significantly up-regulated in the TN0 group (Table 2). We identified two increased
metabolites and two decreased metabolites in the SN1 group compared with the SN0 group
(p < 0.05), while there was no altered metabolite found after FDR calibration (Table 3).

Table 1. List of the altered metabolites identified in the comparison between TN1 and PN1.

Metabolites Fold Change p FDR

Thyroxine 0.020 4.815 × 10−3 3.485 × 10−2

Deoxycholic acid 0.023 2.784 × 10−3 2.645 × 10−2

Allantoin 0.024 6.246 × 10−3 3.921 × 10−2

Iodotyrosine 0.027 4.068 × 10−4 1.030 × 10−2

5-Hydroxymethyl-2-Deoxyuridine 0.033 1.370 × 10−5 1.041 × 10−3

Erucic acid 0.041 1.027 × 10−3 1.562 × 10−2

Cytidine monophosphate 0.062 3.140 × 10−3 2.808 × 10−2

Cis-Aconitic acid 0.071 1.573 × 10−3 2.146 × 10−2

Citric acid 0.085 2.250 × 10−5 1.140 × 10−3

Glycerophosphocholine 0.150 6.354 × 10−3 3.921 × 10−2

Uridine 0.159 4.870 × 10−5 1.480 × 10−3

Glycolic acid 0.183 8.537 × 10−4 1.442 × 10−2

Gallic acid 0.242 2.610 × 10−3 2.645 × 10−2

Tryptamine 0.261 9.285 × 10−3 4.599 × 10−2

Glyceraldehyde 0.262 3.640 × 10−5 1.383 × 10−3

Syringic acid 0.267 4.436 × 10−3 3.393 × 10−2
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Table 1. Cont.

Metabolites Fold Change p FDR

Glucose 6-phosphate 0.269 8.055 × 10−3 4.535 × 10−2

D-Glyceraldehyde 3-phosphate 0.284 6.449 × 10−3 3.921 × 10−2

Sorbitol 0.320 4.972 × 10−4 1.080 × 10−2

Gamma-Linolenic acid 0.324 9.380 × 10−3 4.599 × 10−2

Rhamnose 0.332 6.122 × 10−4 1.163 × 10−2

Inosine 0.375 8.844 × 10−3 4.599 × 10−2

Acetaminophen 0.585 1.912 × 10−3 2.146 × 10−2

L-Proline 1.539 7.248 × 10−3 4.237 × 10−2

L-Tryptophan 1.747 4.464 × 10−3 3.393 × 10−2

5-Hydroxylysine 2.817 6.362 × 10−3 3.921 × 10−2

3-Methylhistidine 2.839 4.259 × 10−3 3.393 × 10−2

N-Alpha-acetyllysine 3.222 1.877 × 10−3 2.146 × 10−2

Deoxycytidine 3.236 8.773 × 10−3 4.599 × 10−2

Uracil 8.363 1.270 × 10−5 1.041 × 10−3

Carnosine 32.324 1.977 × 10−3 2.146 × 10−2

Table 2. List of the altered metabolites identified in comparison between TN0 and PN0.

Metablolites Fold Change p FDR

cis-Aconitic acid 0.051 3.330 × 10−5 2.386 × 10−3

Allantoin 0.096 3.694 × 10−4 7.019 × 10−3

Iodotyrosine 0.128 1.420 × 10−5 2.158 × 10−3

Isocitric acid 0.144 2.484 × 10−3 2.696 × 10−2

Thyroxine 0.192 1.255 × 10−3 1.734 × 10−2

Cytidine monophosphate 0.216 7.922 × 10−4 1.204 × 10−2

Trizma Acetate 0.226 1.865 × 10−4 4.724 × 10−3

Uridine 0.259 4.710 × 10−5 2.386 × 10−3

Glycolic acid 0.274 2.966 × 10−3 3.005 × 10−2

Citric acid 0.299 3.094 × 10−4 6.718 × 10−3

Gluconolactone 0.329 1.368 × 10−4 4.724 × 10−3

N-Acetylglutamic acid 0.360 1.447 × 10−3 1.833 × 10−2

Rhamnose 0.378 7.166 × 10−4 1.204 × 10−2

Ureidopropionic acid 2.808 2.299 × 10−3 2.688 × 10−2

Carnosine 4.734 1.807 × 10−4 4.724 × 10−3

Table 3. List of the altered metabolites identified in the comparison between SN1 and SN0.

Metabolite Name Fold Change p FDR

L-Malic acid 0.187 2.310 × 10−2 0.923
Thyroxine 0.649 2.102 × 10−2 0.923
Carnosine 1.605 4.933 × 10−2 0.923

Docosahexaenoic acid 1.632 4.614 × 10−2 0.923

3.3. The Co-Owned Metabolic Changes

We found nine significantly decreased metabolites and one significantly increased
metabolite in two comparisons (TN1 and PN1, TN0 and PN0).

3.4. Differential Metabolites between Two Comparisons (TN1 and PN1, TN0 and PN0)

We found that the PTC patients with lymph node metastasis (TN1 and PN1) had
more differential metabolites than those without lymph node metastasis (TN0 and PN0).
A visualization of the altered metabolic coverage based on iPath 3.0 is shown in Figure 1A.
The detailed differential metabolites are as follows: 7 uniquely increased metabolites and
14 uniquely decreased metabolites appeared in the TN1 group when compared with the
PN1 group (Figure 1B).
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Figure 1. The altered metabolites. (A) Visualization of the altered metabolite coverage based on iPath
3.0. The blue points represent the co-owned metabolites in two groups (TN1 and PN1, TN0 and PN0),
the red points represent the specific metabolites detected in the lymph node metastasis (TN1 and PN1)
group, and the green points represent the specific metabolites detected in the group without lymph
node metastasis (TN0 and PN0). The metabolites which are not indicated in the general pathway
map are not shown. (B) This Venn diagram displays overlaps of differential metabolites between two
groups (TN1 and PN1, TN0 and PN0).

3.5. The Altered Pathways

Metabolic pathway analysis and enrichment analysis of differential metabolites be-
tween TN1 and PN1 showed that there were statistical differences (p < 0.05 and FDR < 0.05)
in pyrimidine metabolism, histidine metabolism, neomycin, kanamycin and gentamicin
biosynthesis, fructose and mannose metabolism, citrate cycle (TCA cycle), beta-alanine
metabolism, fructose and mannose degradation and thyroid hormone synthesis. Compared
with PN0, there were six significantly altered (p < 0.05 and FDR < 0.05) pathways in TN0 as
follows: citrate cycle (TCA cycle), glyoxylate and dicarboxylate metabolism, pyrimidine
metabolism, beta-alanine metabolism, tyrosine metabolism and thyroid hormone synthesis
(Figure 2, Table S2). Our results indicated that four pathways (pyrimidine metabolism,
beta-alanine metabolism, thyroid hormone synthesis and citrate cycle) were co-owned
pathways in the comparisons between TN1 and PN1, and between TN0 and PN0. On
the other hand, we identified four unique pathways (histidine metabolism, neomycin,
kanamycin and gentamicin biosynthesis, fructose and mannose metabolism, fructose and
mannose degradation) presented in the TN1 group when compared with the PN1 group,
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and two unique pathways (glyoxylate and dicarboxylate metabolism, tyrosine metabolism)
presented in the TN0 group when compared with the PN0 group (Figure 2E).
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PN1. (B) Pathway analysis of metabolic alterations between TN0 and PN0. (C) Enrichment analysis
of metabolic alterations between TN1 and PN1. (D) Enrichment analysis of metabolic alterations
between TN0 and PN0. (E) The metabolic network of the differential metabolites and altered
metabolic pathways in the KEGG general metabolic pathway map. The cyan lines represent the
co-owned pathways in two groups (TN1 and PN1, TN0 and PN0), the purple lines represent the
specific metabolites detected in the lymph node metastasis (TN1 and PN1) group, and the yellow
lines represent the specific metabolites detected in the group without lymph node metastasis (TN0
and PN0). The metabolites which are not indicated in the general pathway map are not shown.

4. Discussion

Our UPLC-HRMS study examined both serums and tissues of PTC patients with
or without lymph node metastasis, and we found co-owned and differential metabo-
lites/metabolite pathways.

First of all, in the comparisons (TN1 and PN1, TN0 and PN0), we found nine co-owned
decreased metabolites (thyroxine, allantoin, iodotyrosine, cytidine monophosphate, cis-
aconitic acid, citric acid, uridine, glycolic acid, rhamnose) and one co-owned increased
metabolite (carnosine). Among these metabolites, allantoin has been implicated in prostate,
colon, intestinal ovarian and breast cancer protection [29], and decreased citric acid has been
found in prostate cancer [30]. Thyroxine is a hormone made in the thyroid gland. A large
population study showed that L-thyroxine treatment was associated with a decreased
frequency of PTC, so the decreased thyroxine of PTC in our study is reasonable. Our
results indicated that the ability of the thyroid to synthesize thyroxine is affected after
carcinogenesis [31]. Carnosine is a low-molecular-weight hydrophilic antioxidant, and it
is important for many normal body functions. It has been suggested that carnosine may
not display the same function in different tissues and may even play several functions
within one tissue [32]. Although some studies have shown that carnosine has a positive
effect on disease treatment [33], carnosine can also exert negative effects under certain
conditions [34]. Our results suggest that these metabolites might be important metabolite
markers of PTC.

Furthermore, we found 7 uniquely increased metabolites (L-proline, L-tryptophan, 5-
hydroxylysine, 3-methylhistidine, N-alpha-acetyllysine, deoxycytidine, uracil) and 14 uniquely
decreased metabolites (deoxycholic acid, 5-hydroxymethyl-2-deoxyuridine, erucic acid,
glycerophosphocholine, gallic acid, tryptamine, glyceraldehyde, syringic acid, glucose
6-phosphate, D-glyceraldehyde 3-phosphate, Sorbitol, gamma-linolenic acid, inosine, ac-
etaminophen) in the lymph node metastasis (TN1 and PN1) group when compared with
the group without lymph node metastasis (TN0 and PN0). Most of the seven uniquely in-
creased metabolites have been verified to possibly promote the progression of other tumors;
for example, L-proline addition and L-tryptophan metabolism promote tumor invasion and
metastasis and accelerate cancer progression [35,36]. The concentrations of 5-hydroxylysine
and 3-methylhistidine have been identified as significant prognostic factors for overall
survival in oral squamous cell carcinoma [37]. We speculated that these metabolites might
promote the lymph node metastasis of PTC. On the other hand, among the 14 uniquely
decreased metabolites, most of them have been reported to possibly inhibit the progres-
sion of other cancers. For instance, deoxycholic acid, erucic acid and syringic acid act in
an anti-tumoral way in human colorectal cancer cells, neuroblastoma/glioblastoma and
gallbladder cancer separately [38–40]. A switch from high to low levels of glycerophos-
phocholine could induce ovarian tumor aggressiveness [41]. Gallic acid and sorbitol could
induce apoptosis of human small cell lung cancer cells/human gastric adenocarcinoma
cells and human colorectal cancer cells separately [42–44]. The intratumoral injection of
tryptamine was certified to reduce tumor growth and tumor sizes in vivo [45]. Gamma-
linolenic acid can inhibit the invasion of human colon cancer cells [46]. These metabolites
might also have inhibitory effects on PTC metastasis; future studies are warranted to assess
these biomarkers as candidate biomarkers.
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Our results indicated that four pathways (pyrimidine metabolism, beta-alanine
metabolism, thyroid hormone synthesis and citrate cycle) were co-owned pathways in
the comparisons of TN1 and PN1, and TN0 and PN0. Pyrimidine metabolism is required
for tumor cells to maintain high proliferation. A previous study showed that pyrimidine
metabolism was significantly altered in PTC tumor tissues, which supported our results [47].
Beta-alanine metabolism, as well as pyrimidine metabolism, is a crucial process in carbohy-
drate metabolism. Consistent with our findings, the regulation of beta-alanine catabolism in
cancer has been demonstrated in previous works [48,49]. Disturbance of thyroid hormone
synthesis is the most common endocrine affliction. For thyroid hormone synthesis, an
adequate supply of essential micronutrients to the thyroid gland is crucial [50]. Thyroid
hormone synthesis is affected after carcinogenesis.. The consistent pathway changes also
included the citric acid cycle. Our results showed that several molecules in the citric acid
cycle were decreased, which indicated that citric acid cycle activity in PTC tumor tissues
had decreased; therefore, the cancer cells might depend on high levels of aerobic glycolysis
(the Warburg effect) as the major source for ATP to support cellular proliferation [51]. The
disturbance of these pathways might be potential mechanisms of PTC.

As for the four unique pathways presented in the lymph node metastasis (TN1 and
PN1) group, histidine metabolism has been shown to be an important pathway in dis-
tinguishing metastatic from extratumoral tissue in cutaneous melanoma, and can reflect
carcinogenesis and cancer progression [52]. Mannose, closely related to fructose, is neces-
sary for glycosylation [53]. Altered glycosylation is characteristic of aggressive cancers [54].
Therefore, histidine metabolism and fructose and mannose metabolism might be the possi-
ble mechanisms of the lymph node metastasis of PTC.

In short, our work may provide new clues for the underlying mechanisms regarding
PTC with/without lymph node metastasis as well as potential therapeutic targets. However,
the sample size of our study is small, and further studies are warranted in larger-scale
populations.

5. Conclusions

This study found the distinct metabolites and metabolic pathways in PTC patients
with/without lymph node metastasis. Co-owned metabolites presented in the comparisons
(TN1 and PN1, TN0 and PN0) were potential markers of PTC. Unique metabolites pre-
sented in the lymph node metastasis group might be predictors and potential therapeutic
targets of lymph node metastasis. The disturbance of pyrimidine metabolism, beta-alanine
metabolism, thyroid hormone synthesis and citric acid cycle might be potential mechanisms
of PTC. Unique pathways presented in the lymph node metastasis (TN1 and PN1) group
might be the possible mechanisms of lymph node metastasis of PTC. Knowing these altered
metabolites and metabolic pathways is helpful in determining therapeutic targets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics11010044/s1, Figure S1: Strategy for the metabolomic study re-
garding PTC; Table S1: The clinical information of patients in different groups; Table S2. Altered path-
ways in comparisons (TN1 and PN1,TN0 and PN0) by pathway analysis and enrichment analysis.
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Abstract: The increasing use of molybdate has raised concerns about its potential toxicity in humans.
However, the potential toxicity of molybdate under the current level of human exposure remains
largely unknown. Endogenous metabolic alterations that are caused in humans by environmental
exposure to pollutants are associated with the occurrence and progression of many diseases. This
study exposed eight-week-old male C57 mice to sodium molybdate at doses relevant to humans
(0.01 and 1 mg/kg/day) for eight weeks. Inductively coupled plasma mass spectrometry (ICP-MS)
and ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS) were utilized
to assess changes in urine element levels and serum metabolites in mice, respectively. A total of
838 subjects from the NHANES 2017–2018 population database were also included in our study
to verify the associations between molybdenum and cadmium found in mice. Analysis of the
metabolome in mice revealed that four metabolites in blood serum exhibited significant changes,
including 5-aminolevulinic acid, glycolic acid, l-acetylcarnitine, and 2,3-dihydroxypropyl octanoate.
Analysis of the elementome revealed a significant increase in urine levels of cadmium after molybdate
exposure in mice. Notably, molybdenum also showed a positive correlation with cadmium in humans
from the NHANES database. Further analysis identified a positive correlation between cadmium
and 2,3-dihydroxypropyl octanoate in mice. In conclusion, these findings suggest that molybdate
exposure disrupted amino acid and lipid metabolism, which may be partially mediated by molybdate-
altered cadmium levels. The integration of elementome and metabolome data provides sensitive
information on molybdate-induced metabolic disorders and associated toxicities at levels relevant to
human exposure.

Keywords: molybdate; cadmium; elementome; metabolomics; toxicity

1. Introduction

Molybdenum is an essential trace element for microorganisms, plants, and animals,
playing a crucial role in maintaining metabolic homeostasis [1]. In the form of molybdate,
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the element molybdenum finds extensive applications in food, industry, and medicine.
For instance, it is utilized in the production of promising nanomaterials and layered
structural materials [2,3]. Common routes of molybdenum exposure in the general pop-
ulation include air, soil, water, and food [4]. The absorption rate of molybdenum in the
human body depends on the solubility of the various forms of molybdenum, such as
molybdenum disulfide (MoS2, insoluble in water) and sodium molybdate (water solubility:
840 g/L in water at 100 ◦C) [5]. Molybdenum is primarily absorbed from the gastroin-
testinal tract in the form of the molybdate anion, which subsequently binds with albumin
and is predominantly excreted through urine [6]. For the percentage of molybdate ab-
sorbed from the gastrointestinal tract, it has been reported that molybdenum was very
efficiently absorbed (88–93%), at all dietary molybdenum intakes [6]. The widespread use
of molybdenum can only cause increased human exposure if there is an exposure pathway
(e.g., inhalation of molybdenum containing dust) [7]. Molybdenum is an essential element,
excessive exposure to molybdate has been associated with adverse health outcomes [8].
The literature reports have indicated the harmful effects of high-dose molybdate exposure
(10–50 mg/kg) in animal models [9,10]. Considering the narrow safety range of essen-
tial trace elements, it is crucial to investigate the potential toxic effects of molybdate at
human exposure levels. However, our current understanding of these effects remains
significantly limited.

Excessive molybdate exposure can trigger changes in endogenous metabolism in
the human body, which may contribute to the development of various diseases such as
obesity, diabetes, cardiovascular diseases, reproductive abnormalities, and cancer [11].
For instance, lipid metabolism disorders are linked to cardiovascular diseases, while
oxidative stress is associated with organ damage. Therefore, investigating the metabolic
disorders caused by molybdate exposure is crucial, as it can indicate the potential toxicity
of molybdate. In recent years, metabolomics has emerged as a complementary technology
to genomics, transcriptomics, and proteomics, focusing on revealing gene expression
outcomes [12,13]. Metabolomics, being closer to the organism’s phenotype, enables the
simultaneous observation of changes in numerous metabolites [14]. As metabolomics can
reflect the physiological or pathological state of organisms, it plays a vital role in studying
the effects and underlying mechanisms of environmental chemical toxicity [15]. Liquid
chromatography coupled to tandem mass spectrometry (LC-MS) is a powerful tool for
identifying and classifying metabolomes for its high sensitivity and wide range of chemical
detection coverage [16]. Therefore, it is necessary to employ metabolomics technology to
investigate the effects of molybdate exposure on the body’s endogenous metabolism.

One of the major mechanisms underlying the toxicity of metals is their interaction
with other elements in the body [17]. However, the effect of molybdate exposure on
other elements is still largely unknown [18,19]. Importantly, altered exposure to ele-
ments can lead to metabolic changes in the body. For example, long-term exposure
to copper can interfere with lipid metabolism [20]. Iron overload induces free radical
formation, lipid peroxidation, DNA and protein damage, leading to carcinogenesis or
ferroptosis [21]. Magnesium, as an essential cofactor, actively participates in carbohydrate
metabolism and regulates energy metabolism and blood sugar control [22]. Therefore,
the metabolic disorders resulting from molybdate exposure may be caused by disrup-
tions in element levels in the body. Elementomics is an emerging omics technology that
aims to analyze dozens of elements simultaneously, providing a comprehensive under-
standing of changes in their concentration in various body fluids. Hence, it is necessary
to investigate the detailed effects of molybdate exposure on different elements using
elementomics analysis.

Urine is a commonly used matrix for studying the body’s exposure burden, while
blood samples can be used to explore general metabolic changes in the body. The novel inte-
gration of elementomics and metabolomics can provide information on the disruption of the
metabolome through the elementome, which has been rarely reported in previous studies.
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This study utilized an animal model to investigate the effects of molybdate exposure
at levels relevant to human exposure. It examined the influence of molybdate exposure
on the elementome and metabolome, revealing a potential association between molybdate
exposure and metabolic disorders. Meanwhile, the major findings between molybdate
exposure and elementome were also verified in humans. These findings provide a novel
perspective on the potential toxicity of molybdate and contribute to our understanding of
this issue.

2. Materials and Methods
2.1. Experimental Materials

Sodium molybdate (purity ≥ 99%) was purchased from Rhawn Reagent [Shanghai,
China, https://www.rhawn.cn (accessed on 21 December 2023)]. Methanol (purity ≥ 99%)
(Merck, Darmstadt, Germany) and acetonitrile (purity ≥ 99%) (Merck, Darmstadt, Germany)
were utilized in this study. The standard compounds were purchased from Sigma-Aldrich
(St. Louis, MO, USA), Adamas Reagent Co., Ltd. (Shanghai, China), and Aladdin Reagent
Company (Shanghai, China). Deionized water (resistivity ≥ 18.2 M Ω cm) was obtained us-
ing a Milli-Q system (Millipore, Milford, MA, USA). Nitric acid (65–70%, w/w, ≥99.9999%,
trace metals basis) was purchased from Alfa Aesar Ltd. (Tianjin, China). The Multielemen-
tary solutions including IV-ICPMS-71A (10 ppm 43 Element (Al, As, Ba, Be, Cd, Ca, Ce, Cr,
Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, Fe, La, Pb, Lu, Mg, Mn, Nd, Ni, P, K, Pr, Rb, Sm, Se, Ag, Na,
Sr, S, Tl, Th, Tm, U, V, Yb, Zn, Cs, and B), 3% v/v Nitric Acid), IV-ICPMS-71B (10 ppm Re-
fractory Element (Sb, Ge, Hf, Mo, Nb, Si, Ta, Te, Sn, Ti, W, and Zr), 3% v/v Nitric Acid/trace
Hydrofluoric Acid), IV-ICPMS-71C (10 ppm Precious Metal (Au, Os, Pt, Rh, Ir, Pd, Re, and
Ru), 30% v/v Hydrochloric Acid), CCS-4 (100 ppm Aklali, Alkaline Earth, Non-Transition
Elements (Al, As, Ba, Be, Bi, Ca, Cs, Ga, In, Li, Mg, K, Rb, Se, Na, and Sr), 7% v/v Nitric
Acid), AAHG1 (1000 µg/mL mercury, 5% v/v Nitric Acid), MSAU (100 µg/mL gold HCl,
10% v/v Hydrochloric Acid), MSLI (100 µg/mL lithium, 0.1% v/v Nitric Acid), and an
internal standard IV-ICPMS-71D (10 ppm 6 Element (Bi, In, Sc, Tb, Y, and 6Li), 3% v/v Nitric
Acid) were purchased from Inorganic Ventures (Christiansburg, VA, USA). The elements in
the solutions can be found on the website [https://www.inorganicventures.com (accessed
on 21 December 2023)].

2.2. Animal Experiment

Eight-week-old male C57 mice, bred under specific pathogen-free (SPF) conditions,
were obtained from the Laboratory Animal Center of Nanjing Medical University in
Nanjing, China. To avoid the impact of estrous cycle on metabolism in female mice,
only male mice were selected. After one week of adaptive feeding, the mice were randomly
divided into control and treatment groups. The administration was conducted via gavage.
The control, low-exposure, and high-exposure groups were given sodium molybdate at
doses of 0, 0.01, and 1 mg/kg/day, respectively, corresponding to human exposure levels.
The selection of the low dose of 0.01 mg/kg/day was based on its ability to generate a
toxicity burden similar to tolerable upper intake level (UL) and minimal risk level (MRL)
in humans. The European Commission’s Scientific Committee on Food has set the UL of
molybdenum at 0.6 mg/day for adults, which is equivalent to 0.01 mg/kg/day considering
an average weight of 60 kg [23]. This dose is also close to the previously reported MRL
of 0.008 mg/kg/day [24]. The dose of 1 mg/kg/day was selected based on the range of
human occupational exposure [25]. The exposure period lasted for 8 weeks. To improve
statistical power, the ratio of the number of mice in the treatment group to the control
group was set at 1:1.5. Based on animal welfare considerations and sample size estimation
using 3Rs-Reduction.co.uk, 5 mice were used in the control group, and 3 mice were used in
each of the treatment groups. This sample size was determined based on a signal-to-noise
ratio of the toxic effects including metabolite and the element changes ranging from 2.0 to
2.8 observed in our pilot study. All mice had ad libitum access to food and water and were
housed in a controlled and standardized laboratory environment with a temperature rang-
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ing from 20 to 26 ◦C, relative humidity ranging from 40 to 70%, and a 12 h light/dark cycle.
The body weights of the mice were recorded weekly. Fasting urine and blood samples were
collected, and the mice were then sacrificed. The organs, including the heart, lung, liver,
spleen, kidney, and intestine, were weighed. This study strictly adhered to international
standards on animal welfare and the guidelines of the Institute for Laboratory Animal
Research of Nanjing Medical University. All procedures conducted in this study were
approved by the Animal Ethical and Welfare Committee of Nanjing Medical University
(IACUC-2008055).

2.3. Histological Examination

Heart, liver, spleen, lung, kidney, and intestine samples were collected, fixed in 4%
paraformaldehyde and then embedded in paraffin [26]. Afterwards, the tissues were cut
into sections (5 µm), which were deparaffinized, rehydrated, and stained with hematoxylin
(0.1%) for 10 min, and eosin (0.1%) for 5 min. Hematoxylin and eosin (HE) stained sec-
tions were digitalized with the whole-slide Pannoramic MIDI scanner (3DHISTECH Ltd.,
Budapest, Hungary) at 20× magnification and analyzed with Pannoramic Viewer software
(3DHISTECH, Budapest, Hungary).

2.4. Analysis of Elementome in Urine

The detection of the elementome in urine using the standard curve method for quan-
tification was conducted following our previous reports [27]. Prior to the experiment,
all glassware was soaked in 10% nitric acid for 24 h, rinsed with deionized water 8 to
10 times, and dried in a vacuum drying cabinet at 37 ◦C for later use. For each sample,
10 µL of urine was added to 485 µL of 1% dilute nitric acid, and 5 µL of internal standard
IV-ICPMS-71D (10 ppm 6 Element (Bi, In, Sc, Tb, Y, and 6Li), 3% v/v Nitric Acid) (Inorganic
Ventures, Christiansburg, VA, USA) at the concentration of 1 mg/L was added. The mixture
was thoroughly mixed. The samples were then quantified using an iCAP Qc inductively
coupled plasma mass spectrometry (ICP-MS) instrument (Thermo Fisher Scientific, Bremen,
Germany). The Multielementary solutions (Inorganic Ventures, Christiansburg, VA, USA)
were used in elementome analysis. The employed ICP-MS was equipped with a collision
cell, and helium (99.999% grade) at 5.0 mL/min was used for the collision cell to remove
polyatomic interferences. Quality control samples and blank samples were analyzed in
parallel with the study samples. The limit of detection (LOD) was calculated as 3 times
the standard deviation for 10 consecutive blank samples [28]. The concentration of unde-
tectable urinary elements was imputed with LOD/2 according to the previous report [29].
The recoveries of the detected elements were between 86.8% and 107%.

2.5. Analysis of Metabolome in Serum

The blood serum metabolomics detection was conducted following our previously
reported method [30]. Blood was collected by retro-orbital bleed into 1.5 mL Eppendorf
tubes directly and allowed to clot for 30 min, followed by centrifugation at 3000× g for
10 minutes at 4 ◦C to collect serum (200–300 µL). Then, protein precipitation of blood serum
(20 µL) was performed using methanol at a volume ratio of 1:3. After centrifugation
at 20,000× g for 15 min at 4 ◦C, the supernatant was transferred. The target analytes
were dried in a vacuum concentrator (Labconco, MO, USA) at room temperature and
reconstituted with 20 µL deionized water for further analysis. Ultra-high performance
liquid chromatography (UPLC) (Dionex, Germering, Germany) equipped with a Hypersil
GOLD C18 column (100 mm × 2.1 mm, 1.9 µm, column temperature at 40 ◦C) and tandem
Q Exactive Orbitrap and triple quadrupole mass spectrometry (Thermo Fisher Scientific,
Bremen, Germany) were used in the analysis. The full scan mode was employed, ranging
from 70 m/z to 1050 m/z, at a resolution of 70,000 with the heated electrospray ionization
(HESI) source. For UPLC analysis, a multistep gradient was used with mobile phase A
consisting of 0.1% formic acid in water and mobile phase B consisting of 0.1% formic acid
in acetonitrile. The flow rate was set at 0.4 mL/min over a run time of 17 min. Gradient
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program was conducted as follows: 0–3 min, 1% mobile phase B and 99% mobile phase A;
3–10 min, 1–99% mobile phase B and 99–1% mobile phase A; 10–15 min, 99% mobile phase
B and 1% mobile phase A; 15–17 min, 1% mobile phase B and 99% mobile phase A. The
autosampler temperature was maintained at 4 ◦C, and the injection volume was 10 µL. The
mass spectrometer parameters were set as follows: for the positive mode, a spray voltage
of 3.5 kV; for the negative mode, a spray voltage of 2.5 kV; for both modes, a capillary
temperature of 300 ◦C; a sheath gas flow of 50 arbitrary units (AU); an auxiliary gas flow of
13 AU; a sweep gas flow of 0 AU; and an S-Lens RF level of 60. Metabolite identification
was based on the comparison of accurate mass and retention time with authentic metabolite
standards. The analysis was conducted in a randomized fashion to avoid complications
related to the injection order. An equivalent volume from each serum sample was mixed to
create quality control (QC) samples. The same procedural steps applied to the test samples
were followed for the QC samples, which were injected after every fifth sample injection
during the analysis.

2.6. Human NHANES Population Study

We conducted an analysis using NHANES data from 2017 to 2018, which included
years with available urine metal exposure data. The participant selection process is illus-
trated in Figure 1A. Specifically, to avoid the impact of menstrual cycles on metabolism, we
included only adult male subjects who had complete data for total molybdenum and cad-
mium in urine. Ultimately, a total of 838 subjects were included in our study. All data can
be downloaded from the official website [https://www.cdc.gov/nchs/nhanes (accessed
on 21 December 2023)]. The Centers for Disease Control and Prevention (CDC) Research
Ethics Review Board approved the project, and all participants gave informed consent.
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ter for Environmental Health, CDC. For values below the LOD, imputation was per-
formed using the LOD value divided by the square root of two for each metal. The labor-
atory analyses followed the protocols described in the previous study [31]. 

  

Figure 1. Correlation analysis of urinary molybdenum and cadmium in the NHANES population.
(A) Participant screening process for NHANES 2017–2018. (B) Scatter plot illustrating the linear
regression between molybdenum and cadmium. Data of molybdenum and cadmium were ln-
transformed before analysis.

2.7. Assessment of Molybdenum and Cadmium Exposure in NHANES

Spot urine samples were analyzed for molybdenum and cadmium using inductively
coupled plasma-dynamic reaction mass spectrometry (ICP-DRC-MS) at the National Center
for Environmental Health, CDC. For values below the LOD, imputation was performed
using the LOD value divided by the square root of two for each metal. The laboratory
analyses followed the protocols described in the previous study [31].
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2.8. Statistical Analysis

For the animal study, a t-test was used to analyze the differences between the two
groups. When the comparison involved three groups, one-way analysis of variance
(ANOVA) followed by Dunnett’s test was employed. The normality and homogeneity of
variance for all data were assessed using the Kolmogorov–Smirnov test. To improve the
robustness of the differential metabolites based on the dose–effect relationship, Spearman’s
correlation analysis was conducted to investigate associations between molybdate and
elementome, and molybdate and metabolome in the animal study. Pearson’s correlation
test was used to explore the associations between differential elements and differential
metabolites. In the population study using NHANES data, Spearman’s correlation analysis,
and univariate and multivariate linear regression models were applied to study the associa-
tion between molybdenum and cadmium. To account for potential confounding variables,
age, race, education, smoking status, and BMI were included for adjustments in multi-
variate linear regression. Age was included as a continuous variable, and race, education,
smoking status, and BMI were included as categorical variables. Model 1 was unadjusted;
model 2 was controlled for age and race; model 3 was controlled for age, race, education,
smoking status and BMI. The statistical analysis was performed using R (Version 4.0.5).
Partial Least Squares Discrimination Analysis (PLS-DA) was utilized for dimensionality
reduction analysis of elementome and metabolome data by SIMCA version 14.1 (Umetrics,
Umea, Sweden). The statistical significance threshold was set at p < 0.05. The visualiza-
tion of the metabolite network was established using iPath [https://pathways.embl.de
(accessed on 21 December 2023)]. The study design can be found in Figure 2.
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Figure 2. Overview of the study design and proposed effects of molybdate exposure on metabolic
disorders associated toxicities, either directly or indirectly, through disruption of element. “+”
indicates a positive correlation; * p < 0.05. The control group is represented by red column, the
0.01 mg/kg/day group by green column, and the 1 mg/kg/day group by blue column in the
dose-effect relationship analysis.
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3. Results
3.1. The Effect of Molybdate Exposure on Body Weight, Organ Coefficients, and Histopathological
Examination in Mice

In this study, we investigated the effect of molybdate exposure on various parameters
in mice, including body weight, organ coefficients (weight of the organ (g)/total body
weight (g) × 100), and histopathological examinations. During the exposure period, no
significant differences in body weight were observed among mice in different groups at
each time point (Figure S1A). Molybdate exposure did not lead to significant differences
in the organ coefficients of the heart, liver, spleen, lung, kidney, and intestine in mice
(Figure S1B). In the pathological analysis of the heart, liver, spleen, lung, kidney, and
intestine, no evident histopathological changes were observed (Figure S1C). Overall, these
results suggest that molybdate exposure does not significantly affect body weight, organ
coefficients, or induce histopathological changes in the examined organs of mice.

3.2. The Effect of Molybdate Exposure on the Serum Metabolome in Mice

In this study, our hypothesis was that molybdate exposure could potentially influence
metabolite profiles in mice. To explore this hypothesis, we conducted metabolomics
analysis on serum samples. A total of 169 metabolites were quantified in mouse serum. The
score plots of the PLS-DA model (Figure 3A) clearly demonstrated a distinct separation
between the control and exposed groups (R2X = 0.649, R2Y = 0.993, Q2 = 0.430), indicating
a significant impact of molybdate exposure on the metabolome profile in mice. To gain
an overview of the detected metabolites, iPath was used to construct metabolic pathways
(Figure S2). The metabolites were mainly enriched in amino acid metabolism, metabolism
of cofactor and vitamin, and lipid metabolism (Figure 3B). Further analysis focused on the
differential metabolites between the control and molybdate exposure groups. A total of
eight different metabolites were identified (Figure 3B, C, Table 1). Pyrrole-2-carboxylic acid
was decreased (p < 0.001) in the molybdate-0.01 mg/kg/day group compared to the control
group, while biotin and 2,3-dihydroxypropyl octanoate were increased (p < 0.05). In the
molybdate-1 mg/kg/day group, norvaline was slightly decreased (p < 0.05) and pyrrole-
2-carboxylic acid was decreased (p < 0.05), while 5-aminolevulinic acid, estriol, glycolic
acid, l-acetylcarnitine, biotin, and 2,3-dihydroxypropyl octanoate were increased (p < 0.05).
Spearman’s correlation analysis between molybdate doses and metabolite levels revealed
positive dose–effect correlations between molybdate and 5-aminolevulinic acid, glycolic
acid, l-acetylcarnitine, and 2,3-dihydroxypropyl octanoate, respectively (r = 0.691, p < 0.05;
r = 0.882, p < 0.05; r = 0.682, p < 0.05; r = 0.636, p < 0.05) (Table 1). These results significantly
contribute to our understanding of the metabolic perturbations induced by molybdate
exposure in mice, and identified 5-aminolevulinic acid, glycolic acid, l-acetylcarnitine, and
2,3-dihydroxypropyl octanoate as robust metabolic changes.

Table 1. Different metabolites in serum of mice caused by molybdate exposure.

Metabolite
0.01 mg/kg/day 1 mg/kg/day 0, 0.01, 1 mg/kg/day a

Fold Change p Fold Change p r p

5-aminolevulinic acid 1.145 0.100 1.100 0.041 * 0.691 0.019 *
norvaline 0.828 0.195 0.763 0.026 * −0.573 0.066

pyrrole-2-carboxylic acid 0.397 0.000 * 0.504 0.011 * −0.473 0.142
estriol 13.253 0.066 8.636 0.042 * 0.309 0.355

glycolic acid 2.458 0.056 2.422 0.008 * 0.882 0.000 *
l-acetylcarnitine 1.446 0.145 1.600 0.045 * 0.682 0.021 *

biotin 1.790 0.033 * 1.783 0.043 * 0.473 0.142
2,3-dihydroxypropyl octanoate 1.406 0.041 * 1.732 0.035 * 0.636 0.035 *

* p < 0.05. a Spearman correlation test using data from the 0, 0.01, 1 mg/kg/day groups.
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score plots of metabolites, with each point representing a serum sample and colored according to the
treatment groups. The control group is represented by yellow, the 0.01 mg/kg/day group by green,
and the 1 mg/kg/day group by blue. The t [1] score on the X-axis represents the scores of the samples
on the first latent variable (LV1) obtained from the PLS-DA model. The t [2] score on the Y-axis
represents the scores of the samples on the second latent variable (LV2) obtained from the PLS-DA
model. (B) Heatmap of differential metabolites. Yellow and blue colors represent increased and
decreased levels of metabolites, respectively. (C) Changes in different metabolites in each sample of
the different groups. A Z-score is a statistical measure that quantifies how many standard deviations
a particular metabolite’s concentration is from the mean concentration of that metabolite across a set
of samples. The Z-score is calculated using the formula: Z = (X − M)/SD. Z is the Z-score; X is the
level of the metabolite; M is the mean level of the metabolite; and SD is the standard deviation of the
level of the metabolite.

3.3. Molybdate Exposure Increased the Urinary Molybdenum Content and Affected the Urine
Elementome in Mice

In this study, we investigated the internal exposure level following exposure of mice
to molybdate and its impact on the urinary elementome profile in mice using ICP-MS
analysis. After exposure to molybdate, a significant increase in total molybdenum levels
was observed in mice in the 0.01 mg/kg/day group (p < 0.05) and the 1 mg/kg/day group
(p < 0.01), as depicted in Figure 4A. PLS-DA was performed on the elementome data
obtained from the urine samples. The score plots of the PLS-DA model (Figure 4B) clearly
demonstrated a distinct separation between the control and exposed mice (R2X = 0.429,
R2Y = 0.718, Q2 = 0.436), indicating a significant influence of molybdate exposure on
the elementome profile in mice. Elementome analysis conducted on the urine samples
detected a total of 61 elements (Figure 4C). As shown in Table 2, the results revealed a
significant increase in the levels of boron, vanadium, cobalt, and arsenic after exposure to
0.01 mg/kg/day of molybdate (p < 0.05). Additionally, cadmium levels were found to be
increased, while the levels of gold were decreased in the group treated with 1 mg/kg/day
of molybdate (p < 0.05). Spearman’s correlation analysis between molybdate doses and
element levels showed a positive correlation between molybdate and cadmium (r = 0.786,
p < 0.05) (Table 2). These findings significantly contribute to our understanding of the
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elementome response to molybdate exposure in mice, especially the effect of molybdate on
the body’s handling of cadmium.

Table 2. Different elements in urine of mice caused by molybdate exposure.

Element
0.01 mg/kg/day 1 mg/kg/day 0, 0.01, 1 mg/kg/day c

LOD b (µg/L)
Fold Change p Fold Change p r p

Boron 2.106 0.028 * 1.566 0.089 0.409 0.212 2.12
Vanadium 1.969 0.008 * 1.472 0.120 0.145 0.670 0.03

Cobalt 1.798 0.036 * 1.244 0.230 0.027 0.937 0.01
Arsenic 1.931 0.032 * 1.376 0.197 0.382 0.247 0.04

Cadmium 1.000 NA a 25.578 0.000 * 0.786 0.004 * 0.08
Gold 0.533 0.296 0.192 0.037 * −0.477 0.138 0.01

a Cadmium was not detectable in the molybdate-0.01 mg/kg/day group. b The limit of detection. c Spearman
correlation test using data from the 0, 0.01, 1 mg/kg/day groups. * p < 0.05.
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illustrating the total urinary molybdenum concentration in mice following molybdate treatment.
(B) PLS-DA score plots of elements, with each point representing a urine sample and colored according
to the treatment groups. The control group is represented by yellow, the 0.01 mg/kg/day group by
green, and the 1 mg/kg/day group by blue. The x-axis and y-axis represent the scores obtained from
the PLS-DA model. These scores are derived from the latent variables that capture the maximum
covariance between the predictor variables (element levels) and the response variable (groups).
The t [1] score on the X-axis represents the scores of the samples on the first latent variable (LV1)
obtained from the PLS-DA model. The t [2] score on the Y-axis represents the scores of the samples
on the second latent variable (LV2) obtained from the PLS-DA model. (C) Summary of the elements
texted in urine.

3.4. Validation of the Positive Correlation between Urinary Molybdenum and Cadmium in Humans

To validate the correlation between molybdenum and cadmium observed in mice,
we conducted a population study using NHANES data from 2017 to 2018 to analyze
the relationship between urinary molybdenum levels and cadmium content. The study
included 838 eligible participants, and their basic characteristics are presented in Table S1.
The average age of the participants was 52.14 (±17.81) years. Among male adults, non-
Hispanic whites (34.4%) constituted the largest ethnic group. In terms of education level,
22.1% had completed high school or below, while 26.1% were high school graduates or
held a GED equivalent. Approximately 28.0% had some college education or an associate’s
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degree, and 23.6% were college graduates or held higher degrees. Among adult males,
47.3% had never smoked, 32.2% reported past smoking but were not currently smoking,
and 20.5% reported current smoking. A large proportion of individuals (38.2%) were
classified as obese based on their BMI. The means (standard deviations (SDs)) of cadmium
and molybdenum were 0.34 (0.46) and 53.40 (51.70) µg/L, respectively.

Spearman’s correlation analysis revealed a positive correlation between urinary molyb-
denum and cadmium (r = 0.32, p < 0.01). In the present study, univariate and multivariate
linear regression analyses were performed, and the results of model 1, model 2, and
model 3 are presented in Table 3. In model 1, a significant positive correlation between
molybdenum and cadmium was observed (β = 0.39, 95% CI 0.32–0.46). To account for po-
tential confounding variables, additional linear regression models were constructed. Model
2 was partially adjusted for age and race, while model 3 was fully adjusted for age, race,
education, smoking status, and BMI. The results demonstrated a significant positive cor-
relation between cadmium and molybdenum in both model 2 (β = 0.44, 95% CI 0.38–0.50)
and model 3 (β = 0.47, 95% CI 0.41–0.52, Figure 1B). These findings further support the val-
idated positive correlation between urinary molybdenum and cadmium in the population.
Consequently, we conducted further investigations to explore the impact of molybdate
exposure on key metabolisms through the perturbations in cadmium.

Table 3. Multivariable associations of urinary molybdenum with cadmium.

Element
Model 1 Model 2 Model 3

No. β (95%CI) p No. β (95%CI) p No. β (95%CI) p

Cadmium 838 0.39 (0.32, 0.46) p < 0.01 838 0.44 (0.38, 0.50) p < 0.01 822 0.47 (0.41, 0.52) p < 0.01

Model 1: unadjusted model. Model 2: adjusted for age and race. Model 3: adjusted for age, race, education,
smoking status, and BMI.

3.5. Correlation between Urinary Cadmium and Differential Serum Metabolites in Mice

It has been reported [32] that exposure to inorganic mercury can influence the elemen-
tome, leading to subsequent changes in the metabolome of organisms. Based on this, we
proposed a hypothesis that molybdate exposure could potentially modify the metabolome
of mice by altering their elemental composition in urine. Then, based on the elementome
and metabolome results, we observed a dose-dependent change (p < 0.05) in cadmium,
5-aminolevulinic acid, glycolic acid, l-acetylcarnitine, and 2,3-dihydroxypropyl octanoate
after molybdate exposure. Consequently, we specifically examined the correlation between
cadmium and the above four differential metabolites by Pearson’s correlation analysis.
As shown in Table 4, 2,3-dihydroxypropyl octanoate showed a positive correlation with
cadmium (r = 0.782, p < 0.01), suggesting that the increase in 2,3-dihydroxypropyl octanoate
induced by molybdate exposure might be mediated by cadmium (Figure 2).

Table 4. Correlation between urinary cadmium and differential serum metabolites.

Metabolite
Cadmium

r p

5-aminolevulinic acid 0.025 0.942
glycolic acid 0.176 0.606

l-acetylcarnitine 0.413 0.207
2,3-dihydroxypropyl octanoate 0.782 0.004 *

* p < 0.05.

4. Discussion

In this study, we did not observe any significant effects of molybdate exposure on
body weight, organ coefficients, and histopathological examinations in mice. However, the
analysis of the association between molybdate and the metabolome revealed four dose-
related metabolite changes after exposure. These findings highlighted the sensitivity of
omics technologies in detecting the effects of molybdate exposure and its potential toxicity,
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even at levels relevant to human exposure. Moreover, the integrated multi-omics analysis
identified potential metabolic disturbances resulting from the altered levels of elements
caused by molybdate exposure.

4.1. The Direct Effects of Molybdate Exposure on Serum Metabolome

Correlation analysis between molybdate exposure and the metabolome revealed that
molybdate exposure mainly affects the levels of several metabolites involved in amino acid
metabolism and lipid metabolism. Since these metabolic pathways are associated with
various biochemical processes, it indicates that molybdate-induced metabolic disorders can
lead to certain metabolic toxic effects. Molybdate can directly influence the levels of various
metabolites, partially due to its role as a cofactor of flavoenzymes involved in diverse
metabolic pathways. Exposure to molybdate can have significant effects on organisms by
disrupting metabolism. In our study, we observed significant changes in four metabolites
including 5-aminolevulinic acid, glycolic acid, l-acetylcarnitine, and 2,3-dihydroxypropyl
octanoate following molybdate exposure in a dose-related manner.

5-aminolevulinic acid is an amino acid that plays a crucial role in the biosynthesis
of heme, an essential component of hemoglobin [33]. Interestingly, when humans were
exposed to molybdate at normal levels, there was a significant increase in the serum levels
of 5-aminolevulinic acid, a key metabolite involved in the biosynthesis of hemoglobin [34].
Another study demonstrated that 5-aminolevulinic acid has the ability to affect the synthesis
of porphyrin and hemoglobin, suggesting that 5-aminolevulinic acid may have a potential
role in affecting erythropoiesis and changing hemoglobin production in certain conditions
related to impaired red blood cell formation [35]. These findings provided evidence
supporting previous reports that molybdenum, as a trace element, plays a crucial role in
affecting the synthesis and function of hemoglobin [18].

Molybdate has the ability to form a complex with glycolic acid [36], which inhibits the
normal excretion of glycolic acid, thereby explaining the increased levels of glycolic acid
caused by molybdate. Glycolic acid, the smallest α-hydroxy acid, has effects on changes
in human skin condition [37]. Simultaneously, glycolic acid can contribute to obesity by
inhibiting the activity of lipase [38]. Glycolic acid has been used to distinguish between
metabolically unhealthy obese participants and metabolically healthy obese subjects in
a previous study [39]. L-acetylcarnitine (also known as acetyl-l-carnitine or ALCAR) is a
compound derived from l-carnitine [40]. It has been studied for its potential effects on lipid
metabolism and obesity [41]. Several studies have suggested that l-acetylcarnitine may play a
potential role in weight changes through regulating fat oxidation and energy expenditure [42].

4.2. The Effects of Molybdate Exposure on Urine Elementome

Previous studies have demonstrated the potential of molybdate to influence the concen-
tration of other elements within an organism [43]. Molybdenum functions as an active co-
factor for molybdenum enzymes, playing a crucial role in various metabolic processes [44].
Furthermore, molybdate can influence the absorption and excretion of other elements,
thereby leading to fluctuations in tissue element levels [45]. Notably, a positive correlation
was found between molybdenum and cadmium in urine of mice and humans in this study.
Cadmium is a non-essential element known for its toxicity. Once cadmium enters the
body, it is challenging to eliminate completely, due to the absence of an efficient excre-
tion mechanism, leading to potential accumulation [46]. It has been demonstrated that
ducks fed with basal diet with different concentrations of molybdenum or/and cadmium
influenced the concentration of trace elements in the digestive organs, in which a strongly
positive correlation between molybdenum and cadmium was observed [47]. There are
also other studies indicating a positive correlation between molybdenum and cadmium
in humans [48]. Cadmium is a food-chain contaminant that has high rates of soil-to-plant
transference, which makes dietary Cd intake unavoidable in both humans and animals. In
this study, we randomly selected mice into different groups, used a high purity sodium
molybdate standard (purity ≥ 99%), and no differences in food and water consumption
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among different mice groups were detected, confirming that the change of urinary cad-
mium was caused by molybdate exposure. In line with these findings, we also observed a
positive correlation between molybdate and cadmium in mice, and this positive correlation
was validated in the human population, suggesting that molybdate may impact the toxic
element cadmium and exert toxic effects.

4.3. The Indirect Effects of Molybdate on Serum Metabolome through Urine Elementome

2,3-dihydroxypropyl octanoate, also known as caprylic acid triglyceride or octanoic
acid triglyceride [49], is a triglyceride composed of three caprylic acid molecules esterified
to a glycerol backbone [50]. It is a common lipid molecule in biological samples [51].
It has been reported that certain individuals may experience allergies with increased
2,3-dihydroxypropyl octanoate [52]. Interestingly, it is reported that alloys containing
molybdenum may induce allergies such as eczema and impaired wound [53], suggesting
that the up-regulation of 2,3-dihydroxypropyl octanoate caused by molybdate exposure in
this study might promote allergies in mice. Notably, a study shed light on the potential role
of cadmium in modulating allergic reactions and suggested a possible correlation between
cadmium intake and allergies including ear swelling and edema in rats [54], suggesting
that molybdate may affect 2,3-dihydroxypropyl octanoate through its association with
cadmium and ultimately induce allergies.

5. Conclusions

In this study, a mouse model was used to investigate the effects of molybdate exposure,
which is relevant to human exposure levels. By employing a novel approach that integrates
elementome and metabolome data, a comprehensive understanding of the impact of molyb-
date exposure on body elements and metabolic profiles was obtained. While no significant
change was observed at the given doses of molybdate in body weight, organ coefficients,
and histopathological examinations, sensitive changes in the toxicity related metabolome
were detected. Specifically, molybdate exposure disrupted amino acid and lipid metabolism
in serum, which may be partially mediated by molybdate-altered cadmium levels. This
study provides valuable insights into the potential toxicity and mechanisms of molybdate
at levels relevant to human exposure. It also highlights the significance of integrating
elementome and metabolome analyses in future toxicological research, particularly for
studying metabolic disturbances and the underlying mechanisms related to elements.
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Abstract: Diquat (DQ), a widely used bipyridyl herbicide, is associated with significantly higher rates
of kidney injuries compared to other pesticides. However, the underlying molecular mechanisms are
largely unknown. In this study, we identified the molecular changes in the early stage of DQ-induced
kidney damage in a mouse model through transcriptomic, proteomic and metabolomic analyses.
We identified 869 genes, 351 proteins and 96 metabolites that were differentially expressed in the
DQ-treated mice relative to the control mice (p < 0.05), and showed significant enrichment in the
PPAR signaling pathway and fatty acid metabolism. Hmgcs2, Cyp4a10, Cyp4a14 and Lpl were
identified as the major proteins/genes associated with DQ-induced kidney damage. In addition,
eicosapentaenoic acid, linoleic acid, palmitic acid and (R)-3-hydroxybutyric acid were the major
metabolites related to DQ-induced kidney injury. Overall, the multi-omics analysis showed that
DQ-induced kidney damage is associated with dysregulation of the PPAR signaling pathway, and an
aberrant increase in Hmgcs2 expression and 3-hydroxybutyric acid levels. Our findings provide new
insights into the molecular basis of DQ-induced early kidney damage.

Keywords: diquat; kidney injury; multi-omics; fatty acid metabolism; PPAR signaling pathway

1. Introduction

Pesticides are the leading cause of poisoning-related accidental deaths in China. Fol-
lowing the discontinuation of paraquat, diquat (DQ) has become the preferred bipyridyl
herbicide. However, cases of DQ poisoning have continued to increase in recent years,
and the predominant route of exposure is the gastrointestinal tract [1]. The kidney is the
main excretory organ as well as the primary target of DQ, and the toxic effects of the latter
mainly involve the renal tubules, eventually leading to acute kidney injury (AKI) [2]. The
incidence of AKI in patients with DQ poisoning is 73.3%, which is significantly higher
compared to that caused by paraquat or other pesticides.

Previous studies have shown that DQ is selectively toxic to the kidneys, and has a
similar chemical structure to that of the highly nephrotoxic orellanine [2]. Renal tubular
dysfunction is the initial manifestation of DQ toxicity [3], and obvious renal tubular epithe-
lial cell damage has been observed during autopsy [4]. The offspring of DQ-intoxicated
rats exhibit renal duct damage. Furthermore, the prognosis of patients with DQ poisoning
is closely related to AKI, which is usually reversible in the early stage. However, given
the narrow time window for treatment, the incidence of endpoint events (death or uremia)
exceeds 30%. Therefore, early detection and prevention of AKI are crucial in cases of DQ
poisoning [5–7].

The clinical diagnosis of AKI is currently based on elevated blood creatinine (Scr) and
blood urea nitrogen (BUN), along with low urine output [7]. However, the rise in Scr and
BUN is increased when renal function has already declined by nearly 50%, while the urine
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output is susceptible to multiple factors such as diuretics and blood volume. Moreover, Scr
and BUN are easily cleared by continuous renal replacement therapy (CRRT) and the urine
volume varies with the ultrafiltration volume of CRRT. Thus, none of these indicators can
accurately reflect the changes in renal function during CRRT [8]. Therefore, it is unclear
whether using high Scr and oliguria as the clinical criteria for the initiation of CRRT delays
the clearance of nephrotoxic substances such as DQ, and whether hemoperfusion (HP)
combined with early CRRT improves prognosis [2,8]. Therefore, it is crucial to identify
novel biomarkers and effector molecules for early detection and progression of kidney
injury, and to guide hemodialysis treatment.

In this study, we used integrated metabolomics, transcriptomics and proteomics to
explore the molecular mechanisms underlying DQ-induced nephrotoxicity at the very early
stage. Based on multi-omics analyses, we found that DQ induced aberrant gene expression
at the mRNA, protein, and metabolite levels. Our findings provide novel insights into
DQ-induced kidney injury and identify novel biomarkers.

2. Materials and Methods
2.1. Animals and Chemical Reagents Treatments

Male C57BL/6 J mice aged 28 weeks and weighing 25–30 g were bought from Nanjing
Medical University (NYD-L-2020082601). The mice were kept in a specialized pathogen-
free environment (22–26 ◦C, 40%–60% humidity, and 12 h light/dark cycles) with food and
water provided ad libitum. The feed used in this experiment meets the national standard.
The feed mainly contains energy, protein, fat, amino acid, minerals, etc. All mice were
given the same food. The mice were randomly divided into the control, low-dose DQ
(200 mg/kg) and high-dose DQ (350 mg/kg) groups after one week of acclimatization
(N = 30 per group). DQ and saline (control) were administered via the intragastric route.
The mice were euthanized on days 1, 3 and 7 after induction, and kidney tissue samples
were collected from 10 mice of each group. Ten kidney samples were used for metabolomics
analysis, three were used for proteomics analysis, and three for transcriptomic analysis.
Diquat (DQ) was purchased from Aladdin (D101258-100 mg).

2.2. Histopathologic Examination

The kidney tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated in an
ethanol gradient and embedded in paraffin. The paraffin blocks were cut into 5 µm-thick
slices, which were stained using hematoxylin and eosin (H&E). Instrument information:
Tissue-tekvip6 automatic tissue processor (Sakura, Japan), HistoStar tissue burying machine
(Thermo, US), Thermo Finesse E+ paraffin microtome (Thermo, US), Gemini AS automatic
dyeing machine (Thermo, US), Olympus BX53 optical microscope (Olympus, Japan), and
DP72 image analysis system (Olympus, Japan).

2.3. Transcriptome Analysis

RNA sequencing (RNA-seq) was performed on three biological replicates of the DQ-
treated and control group kidney tissues by Biotree Biotech Co., Ltd. (Shanghai, China).
Briefly, total RNA was extracted and reverse transcribed, and the double-stranded cDNA
was used to construct libraries. After quality control, the libraries are pooled and sequenced
on the Illumina Novaseq 6000 platform (Thermo, US). The clean reads were filtered from
the raw sequencing data after checking for the sequencing error rate and the distribution
of GC content. The gene expression levels were calculated as the number of fragments
per kilobase of transcript per million reads (FPKM). The expression matrix of all samples
was generated, and differentially expressed genes (DEGs) between the control and DQ-
treated samples were screened using the edgeR program with Padj < 0.05 as the criterion.
The DEGs were then functionally annotated by gene ontology (GO) analysis in terms of
molecular functions (MF), biological processes (BP) and cellular components (CC), as well
as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses
using the clusterProfiler (http://www.bioconductor.org/packages/release/bioc/html/
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clusterProfiler.html) program, (accessed on 31 December 2021). The GO terms related to
molecular function, biological process and cellular component were analyzed.

2.4. Proteomics Analysis

Total protein was extracted from the kidney tissues of three biological replicates from
the control and DQ-treated groups, quantified and stored at −80 ◦C. Proteomic sequencing
and analysis were conducted by Biotree Biotech Co., Ltd. (Shanghai, China). Briefly, the
extracted proteins were first quantified by the BCA assay, precipitated using acetone, and
then subjected to reduction, alkylation, digestion, TMT labeling, SDC cleanup, peptide
desalting and high-pH pre-fractionation. For nanoLC–MS/MS analysis, 2 µg total pep-
tides from each sample was separated and analyzed using a nano-UPLC (EASY-nLC1200)
coupled to Orbitrap Exploris 480 (Thermo Fisher Scientific) with a nano-electrospray ion
source. Data-dependent acquisition (DDA) was performed in profile and the positive mode
with Orbitrap analyzer for 90 min. The Tandem Mass Tag (TMT) was used to identify
the proteins and screen for unique peptides with p-Value < 0.05 (Student’s t test) and fold
change > 1.5 as the criteria. The proteins were subjected to principal component analysis
(PCA), volcano plot analysis, hierarchical clustering analysis, GO and KEGG analyses, and
protein–protein interaction (PPI) network analysis.

2.5. Untargeted LC–MS Metabolomics Analysis

The kidney tissue samples from the control and DQ-treated groups (10 biological
replicates per group) were prepared as previously described [9]. Metabolomic sequencing
and analysis were performed by Biotree Biotech Co. Ltd. (Shanghai, China). The metabolic
profiles were acquired using Quadrupole-Electrostatic Field Orbitrap Mass Spectrometer
(Thermo Fisher Scientific). The single peak corresponding to each metabolite was filtered,
and the missing values in the original data were reproduced. The internal standard was
utilized for normalization, and the outliers were filtered based on the relative standard
deviation. Partial least squares discriminant analysis (PLS-DA) and unsupervised principal
component analysis (PCA) were used to identify the differential metabolites between two
groups, with VIP > 1 and p < 0.05 as the criteria. The differential metabolites were subjected
to correlation analysis, KEGG pathway analysis, and hierarchical clustering.

2.6. Statistical Analysis

Data visualization was performed using GraphPad Prism 5. The data were expressed
as the mean ± standard deviation of the mean (SD). Data were processed by GraphPad
Prism 5. The mean values were statistically analyzed by unpaired t-tests and the significant
differences among different groups were assessed by a non-parametric test. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. Establishment and Validation of DQ-Treated Mouse Model

We established a mouse model of DQ-induced kidney injury to study the early stages
of AKI (Figure 1a). While DQ did not affect serum Scr levels on day 1, serum BUN
levels were not affected by 200 mg/kg or 350 mg/kg DQ. The serum UREA levels were
significantly higher in mice treated with 350 mg/kg DQ compared to the control group. In
contrast, 200 mg/kg DQ had no significant effect on the urea level. Subsequently, both Scr
and BUN continued to rise, and significant differences were observed on the 3rd and 7th
days (Figure 1b,c). Furthermore, while no substantial lesions were observed in the kidney
tissues of the DQ-treated mice in the first day of exposure, the renal tubules exhibited
vacuolation and necrosis 3 days later (Figure S1). Based on these results, we selected the
dose of 200 mg/kg to simulate the early stage DQ-induced kidney damage.
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3.2. Transcriptomic Analysis of DQ-Treated Mice

As shown in the UpSet graph in Figure 2a, 16,927 genes were expressed in all samples.
Furthermore, 869 genes were differentially expressed in the DQ-treated samples relative
to the control, of which 473 genes were downregulated and 396 genes were upregulated
(Figure 2b and Table S1). The DEGs were enriched in GO terms related to fatty acid
metabolism, extracellular structure organization, sulfur compound metabolism (Figure 2c),
extracellular matrix, collagen-containing extracellular matrix (Figure 2d), extracellular
matrix structural constituent, and sulfur compound binding (Figure 2e). Furthermore,
KEGG analysis revealed that these DEGs were significantly associated with pathways
of drug metabolism, drug metabolism-cytochrome P450, glutathione metabolism and
retinol metabolism (Figure 2f). These results indicate that DQ might dysregulate numerous
pathways in the kidneys.

3.3. Proteomic Analysis of DQ-Treated Mice

We used TMT-based quantitative proteomics analysis to identify the differentially
expressed proteins (DEPs) that might be linked to DQ-induced kidney damage. PCA
revealed notable differences in protein abundance between the DQ and control groups
(Figure 3a). There were 351 DEPs between the two groups, of which 133 proteins were
upregulated and 218 proteins were downregulated in the DQ-treated mice (Figure 3b and
Table S2). The DEPs were mainly enriched in pathways associated with Parkinson’s disease,
Salmonella infection, chemical carcinogenesis, PPAR signaling, phagosome, tuberculosis, ri-
bosome, bile secretion and retinol metabolism (Figure 3c). According to the GO enrichment
analysis, DEPs were primarily associated with terms such as intracellular, intracellular part,
organelle, intracellular organelle, cytoplasm, membrane-bounded organelle, intracellular
membrane-bounded organelle, cytoplasm part, organelle part and intracellular organelle
part (Figure 3d).
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Furthermore, a protein–protein interaction (PPI) network was constructed using the
STRING database. As shown in the network in Figure 3e, DQ exposure altered ribonucleo-
protein complex biogenesis (Bop1, Tarbp2, Imp4, Pqbp1, Pop4, Snrpf, Las1l, Mrpl1, Utp18,
Ddx49, Prpf39), ncRNA processing (Bop1, Mettl1, Tarbp2, Imp4, Pop4, Las1l, Mrpl1, Utp18,
Ddx49), ncRNA metabolic process (Bop1, Mettl1, Tarbp2, Imp4, Pop4, Las1l, Mrpl1, Utp18,
Ddx49), response to wounding (Aqp1, Fcer1g, Pdpn, Grn, Jak2, Scnn1b, Tarbp2, Map2k1,
Arhgap35), mitochondrial protein complex (Cox4i1, Grpel2, Mrps25, Chchd1, Dnajc15,
Sdhd, Ndufa11, Mrpl1, Mrpl30), ribosome (Rpl37a, Uba52, Rps26, Mrps25, Chchd1, Rpl37,
Mrpl1, Mrpl30, Rpl17), enzyme activator activity (Apoa2, Bcl10, Thy1, Map2k1, Dnajc15,
Tab1, Cwf19l1, Arhgap35, Depdc5), organic hydroxy compound transport (Apoa2, Aqp1,
Aqp3, Fcer1g, Slc10a2, Apom, Sdhd, Slc51a), fatty acid metabolic process (Adh7, Apoa2,
Cyp2a4, Cyp4a10, Pdpn, Lpl, Gstm7, Acsl3), and positive regulation of cell activation
(Bcl10, Fcer1g, Pdpn, Jak2, Thy1, Lgals8, Dnaja3, Hamp). In summary, DQ-induced kidney
injury is likely mediated by dysregulated proteins involved in metabolism.
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3.4. Integrated Transcriptome and Proteome Datasets

Integration of the transcriptome and proteome datasets revealed that 34 genes were
substantially altered by DQ exposure (Table S3). KEGG pathway analysis showed that these
genes are significantly associated with the PPAR signaling pathway, retinol metabolism,
asthma, cholesterol metabolism, fatty acid degradation, valine/leucine and isoleucine
degradation, fatty acid metabolism, and kidney injury caused by DQ (Figure 4a). Fur-
thermore, GSEA consistently demonstrated that these DEGs and DEPs were substantially
enriched for metabolism-related pathways, including the drug metabolism cytochrome
P450, the PPAR signaling pathway, retinol metabolism, metabolism of lipids, amino acid
metabolism, glutathione metabolism and fatty acid metabolism (Figure 4b). Taken together,
the aforementioned pathways are likely targeted by DQ during kidney injury.

3.5. Metabolomic Analysis of DQ-Treated Mice

The metabolic by-products that may contribute to DQ-induced kidney injury were
identified by untargeted LC–MS. The results of PCA and OPLS-DA clearly showed distinct
metabolic patterns of the control and DQ-treated mice (Figure 5a,b). Overall, 96 metabolites
were differentially expressed between the control and DQ-treated groups (adjusted p < 0.05),
of which 40 were elevated and 56 were decreased in the latter (Figure 5c, Table S4). Further-
more, five of these differentially regulated metabolites are involved in purine metabolism,
three in biosynthesis of unsaturated fatty acids, two in primary bile acid biosynthesis, one
in fatty acid biosynthesis, and one in fatty acid metabolism (Figure 5d). To ascertain which
metabolic pathways were most affected by DQ exposure, we performed KEGG pathway
enrichment analysis. As shown in Figure 5d, the top 10 pathways were those related to
purine metabolism, biosynthesis of unsaturated fatty acids, primary bile acid biosynthesis,
nicotinate and nicotinamide metabolism, taurine and hypotaurine metabolism, fatty acid
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metabolism, amino sugar and nucleotide sugar metabolism, glycine, serine and threonine
metabolism, porphyrin and chlorophyll metabolism, fatty acid elongation in mitochondria.
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3.6. Integrated Transcriptomic, Proteomic and Metabolomics

We constructed a correlation network diagram of the metabolites, DEPs and DEGs to
gain further insights into the molecular mechanisms underlying DQ-induced nephrotoxicity.
As shown in Figure 6, the top 20 co-related genes were Gm3776, Ccl21a, Vgf, Gsta1,
Fgf21, Krt20, Ugt1a9, Lrrc55, Areg, 9130409I23Rik, Ccdc180, Edil3, Prss35, Cbr3, Ccr7,
Nppb, Cyp2b10, F2rl3, Gm4841, Zfp683. The top 20 co-related proteins were Q3UFS4,
Q9D486, Q62314, O70324, O89050, Q62011, Q8K209, Q9CYH5, P61460, Q99JH8, Q80TE3,
O70571, Q8BQM4, Q75N73, P97473, P15409, P33174, P70172, P18469 and Q8VDM1. The
top 20 metabolites were hippuric acid, 5-methoxyindoleacetate, chenodeoxycholic acid,
tetradecanedioic acid, indoxyl sulfate, (R)-3-hydroxybutyric acid, traumatic acid, gamma-
aminobutyric acid, alpha-linolenic acid, adipic acid, phenylacetylglycine, hypotaurine,
3-hydroxybutyric acid, palmitoleic acid, caprylic acid, eicosapentaenoic acid, linoleic acid,
2-furoic acid, beta-alanine and N-acetyl-L-phenylalaninex. These genes, proteins and their
metabolites are mostly connected to the PPAR signaling pathway and fatty acid metabolism.Toxics 2023, 11, x 9 of 13 
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4. Discussion

DQ is a highly nephrotoxic bipyridine herbicide that primarily targets the renal tubules
and induces AKI. The molecular basis of DQ-induced kidney injury is cell death due to
excessive production of reactive oxygen species (ROS) formed during lipid peroxida-
tion [2,10]. The prognosis of DQ poisoning is highly correlated with AKI. Although AKI is
reversible in its early stages, the therapeutic window is narrow. Therefore, it is crucial to
identify the biomarkers and effectors of the incipient stages of AKI for early diagnosis of
kidney damage.

We identified the time window of DQ-induced kidney damage by analyzing different
time points and dosages. There was no evident renal parenchymal damage, or any changes
in serum Scr or BUN levels after 24 h exposure to 200 mg/kg DQ, which corresponded to
the early stage of the DQ-induced kidney damage. To identify the molecular mechanisms
of DQ-induced renal damage at this stage, we used an integrated multi-omics approach,
which revealed that exposure to DQ significantly affects the PPAR signaling pathway and
fatty acid metabolism.

According to the integrated multi-omics data, the PPAR signaling pathway and fatty
acid metabolism were associated with upregulation of Hmgcs2, Cyp4a10 and Cyp4a14,
and the downregulation of Lpl mRNA and proteins in the DQ-treated kidneys. PPAR, a
lipid-activated nuclear receptor, is abundantly expressed in tissues with high fatty acid
metabolism, such as the kidney [11]. PPAR-deficient mice accumulate more lipids in their
kidneys, which increases production of inflammatory mediators, eventually leading to
kidney injury [12,13]. In addition, PPAR is also a transcription factor that controls genes in-
volved in lipid metabolism and the mitochondrial fatty acid oxidation pathway [14], which
fulfills a significant portion of the body’s energy needs [15,16]. Integrated proteomic and
transcriptomic analysis revealed that the fatty acid oxidation pathway, and subsequently
fatty acid metabolism, were downregulated in the DQ-treated group.

The primary rate-limiting enzyme for ketogenesis is Hmgcs2 (3-hydroxy-3-
methylglutaryl-CoA synthase 2). Hmgcs2 is a key rate-regulating enzyme for ketone
body formation, which is related to fatty acid metabolism and mainly exists in cell mi-
tochondria. The HMG-CoA generated by it is converted into acetoacetic acid under the
action of HMG-CoA lyase, and acetoacetic acid can be converted into hydroxybutyric acid
and acetone, which are called ketone bodies. Ketogenesis of cells is an important part
of fatty acid metabolism, and acetyl CoA, the product of fatty acid oxidation, is the raw
material for the formation of ketosomes. Therefore, Hmgcs2 may regulate the changes in
fatty acid metabolism by regulating the ketogenesis process. Upregulation of Hmgcs2 in
the glomeruli of high fructose-fed rats and high fructose-treated differentiated podocytes
enhanced ketone bodies level, particularly that of hydroxybutyrate (3-OHB), to block his-
tone deacetylase (HDAC) activity [17]. Hmgcs2 is likely upregulated through the PPAR-α
pathway [18]. The findings imply that enhanced renal ketogenesis due to Hmgcs2 overex-
pression may be significant in the pathogenesis of diabetic neuropathy DN in patients with
type 2 diabetes, indicating that Hmgcs2 is a potential therapeutic target for the management
of diabetic renal complications [19]. We found that Hmgcs2 gene and protein expression
levels increased in the kidney tissues after DQ exposure, indicating its role in DQ-induced
renal damage as well.

CYP4A (cytochrome P450, family 4, subfamily a) catalyzes the hydroxylation of
medium- and long-chain fatty acids [20]. One of the pathway for fatty acid degradation
is through oxidation, in which dicarboxylic acids are formed and subsequently undergo
β-oxidation from the omega end. This pathway is catalyzed by CYP450 enzymes and the
peroxisomal β-oxidation pathway which are regulated by PPARα [21] The mouse genome
contains four Cyp4a genes: Cyp4a10, Cyp4a12a, Cyp4a12b, and Cyp4a14—all of which
are localized in chromosome 4 [22]. Murine Cyp4a10 and Cyp4a14 (homologous to human
CYP4A22 and CYP4A11, respectively) are highly expressed in the liver and kidneys, and
are known to convert the arachidonic acid to its metabolite 20-hydroxyeicosatetraenoic
acid (20-HETE), which regulates the inflammatory response through the generation of
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ROS [15,22]. As a result, the aberrant expression of Cyp4a10 and Cyp4a14 observed in our
study may lead to fatty acid breakdown.

LPL (lipoprotein lipase) catalyzes the hydrolysis of triglyceride (TAG), which is the
rate-limiting step in the lipolysis of chylomicrons and VLDL. In addition to other cell
types, myocytes and adipocytes also synthesize LPL, which is then stored in the Golgi
apparatus for either intracellular breakdown or secretion onto the cell surface. Patients
with nephrotic syndrome often have hyperlipidemia due to the lack of LPL activators. Fur-
thermore, the high levels of free fatty acids in the bloodstream of these patients upregulates
ANGPTL4, which may inactivate LPL by either converting the active LPL dimers into
inactive monomers or as a reversible non-competitive inhibitor of LPL [23]. In this study,
LPL expression was downregulated in the DQ-treated kidney tissues, indicating its role in
DQ-induced nephrotoxicity.

We identified eicosapentaenoic acid, linoleic acid, palmitic acid and (R)-3-
hydroxybutyric acid as significant metabolites involved in DQ-related kidney injury. Eicos-
apentaenoic acid, linoleic acid and palmitic acid are polyunsaturated fatty acids (PUFAs),
which have been linked to a number of renal disorders. One study showed that retinoic acid
signaling mediates production of toxic PUFAs [24]. Increased PUFA peroxidation by ROS
initiates ferroptosis, an iron-dependent form of programmed cell death. Fatty acid oxida-
tion in the liver produced high levels of 3-hydroxybutyrate acid, which is then transferred
to extrahepatic tissues including the heart, brain and muscle to be used as a fuel. As one of
the ketone bodies, 3-hydroxybutyric acid can directly promotes 3-hydroxybutyrylation of
some proteins and functions as an endogenous inhibitor of histone deacetylases as well
as an agonist of Gpr109a [25]. β-OHB is one of the intermediate metabolites of fatty acid
oxidation. In addition to being a functional vector that transfers energy from liver to pe-
ripheral tissues under starvation stress, β-OHB is also an important signaling molecule and
epigenetic regulatory molecule in vivo, regulating all aspects of life function. This study
showed that glomerular podocytes damage and albuminuria production caused by fructose
intake showed an increase in β-OHB beginning at week 8 of modeling and continuing
until week 16 of the study deadline [17]. Therefore, β-OHB is a key metabolic substance in
the occurrence and development of kidney injury. Taken together, dysregulated fatty acid
metabolism may induce by the nephrotoxic effects of DQ.

Overall, Hmgcs2 upregulated and subsequently may promote 3-hydroxybutyric acid
levels, dysregulating the PPAR signaling pathway. Our findings offer a new insight into
the mechanisms underlying DQ-induced nephrotoxicity.

5. Conclusions

Our study is the first to investigate the mechanism of the early stage of DQ-induced
kidney injury using a multi-omics approach. Our findings lay the foundation for diagnosing
and treating renal damage following DQ exposure, and offer new insights into the molecular
basis of DQ-induced kidney damage.
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DQ treated groups.
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Abstract: Bisphenol A (BPA) is one of the most widely produced chemicals in the world used in
the production of epoxy resins and polycarbonate plastics. BPA is easily migrated from the outer
packaging to the contents. Due to the lipophilic property, BPA is easily accumulated in organisms.
Perinatal low-dose BPA exposure alters brain neural development in later generations. In this study,
after BPA treatment, the spontaneous movement of zebrafish larvae from the cleavage period to
the segmentation period (1–24 hpf) was significantly decreased, with speed decreasing by 18.97%
and distance decreasing between 18.4 and 29.7% compared to controls. Transcriptomics analysis
showed that 131 genes were significantly differentially expressed in the exposed group during
the 1–24 hpf period, among which 39 genes were significantly upregulated and 92 genes were
significantly downregulated. The GO enrichment analysis, gene function analysis and real-time
quantitative PCR of differentially expressed genes showed that the mRNA level of guanine deaminase
(cypin) decreased significantly in the 1–24 hpf period. Moreover, during the 1–24 hpf period, BPA
exposure reduced guanine deaminase activity. Therefore, we confirmed that cypin is a key sensitive
gene for BPA during this period. Finally, the cypin mRNA microinjection verified that the cypin
level of zebrafish larvae was restored, leading to the restoration of the locomotor activity. Taken
together, the current results show that the sensitive period of BPA to zebrafish embryos is from the
cleavage period to the segmentation period (1–24 hpf), and cypin is a potential target for BPA-induced
neurodevelopmental toxicity. This study provides a potential sensitive period and a potential target
for the deep understanding of neurodevelopmental toxicity mechanisms caused by BPA.

Keywords: bisphenol A; zebrafish; sensitive period; guanine deaminase; locomotor behavior

1. Introduction

Bisphenol A (BPA) is one of the most widely produced chemicals in the world, as an
analogue of bisphenol (BP). BPA is mainly used in industry to synthesize materials such
as polycarbonate and epoxy resin. It has been used in the manufacture of plastic cups,
baby bottles, food and beverage cans since the 1960s [1–4]. Studies have shown that BPA
is easily migrated from containers or packaging materials to food and beverages. Due to
the lipophilic property (LogKow = 3.3), BPA is easily accumulated in organisms. BPA has
been detected in wild animals, especially fish (0.2–13,000 ng/g) [5], and can be detected in
human blood and urine. A study reported that BPA was found in 46% of all blood samples
analyzed, with a geometric mean (GM) concentration of 0.19 ng/mL. BPA was found in
84% of urine samples from adults, with a GM concentration of 1.01 ng/mL [0.48 µg/g
creatinine (Cr)] [6–8]. According to reports, a significant positive correlation was found
between serum and urine BPA levels in pregnant women and neonates [9,10]. Exposure
to BPA during pregnancy induced anxiety, reduced exploratory behavior and increased
depressive behavior in adult mice [11]. Similarly, perinatal low-dose BPA exposure has
altered brain neural development in offspring rats [12,13].Therefore, exposure to BPA in
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the early stages of life is of great concern, in which the embryo and infancy stage play a
very important role in the natural development of the nervous system.

Zebrafish (Danio rerio) is a model organism widely used in toxicological evaluation [14–16].
Recent reports have shown that brain structures are homologous between zebrafish and
humans such as the amygdala, hippocampus and hypothalamus [17]. Furthermore, ze-
brafish show a wide range of complex behavior in cognition, aggression, anxiety and social
interaction [18]. Thus, zebrafish is a useful tool for elucidating the function of novel genes
for neurogenesis [19] and have been used to validate the function of human candidate genes
involved in autism, etc. [19–21]. After fertilization, zebrafish embryos go through seven
stages to complete embryonic development [22]: the zygotic stage (0–0.75 hpf), cleavage
period (0.75–2.20 hpf), blastula period (2.20–5.25 hpf), gastrula period (5.25–10 hpf), segmen-
tation period (10–24 hpf), pharyngeal period (24–48 hpf) and hatching period (48–72 hpf).
The nervous system starts to develop and form the neural plate at 6 hpf, and the neural
tube and different brain regions form beginning in the 10–16 hpf period. By 24 hpf, brain
morphogenesis is advanced, and the brain is divided into the forebrain, including the
diencephalon and telencephalon, midbrain, hindbrain and spinal cord, while the earliest
clusters of neurons are interconnected by axons [23]. There is a correspondence between the
embryonic and the behavior development of zebrafish. The spontaneous contractions of
trunk muscles of zebrafish can be observed at 17 hpf, tail movement appears at 21 hpf, the
locomotor ability of zebrafish shows the avoidance reflex phenomenon to external stimuli
at 48 hpf and the rate of swimming in response to touch becomes maximal at 36 hpf close
to that of adult zebrafish [24,25]. Therefore, damage to the nervous system often results in
changes in behavior [26]. Normally developed zebrafish embryos have the ability to move
freely at 96–120 hpf, and their locomotor ability can be used as a sensitive endpoint for
exogenous chemicals to damage the nervous development of the body [27].

In this study, we integrated transcriptomics and neurodevelopmental toxicity analysis
to comprehensively study the potential biological mechanisms of BPA exposure in zebrafish
during the embryonic development period. We investigated the BPA-induced neurotoxicity
in different stages of the development of zebrafish embryos to reveal the possible sensitive
period of the development upon exposure to BPA and to explore the potential biomarker of
BPA neurodevelopmental toxicity.

2. Materials and Methods
2.1. Chemicals and Reagents Preparation

BPA powder (99%) was purchased from Sigma-Aldrich (St Louis, MO, USA). A stock
solution of BPA was dissolved and diluted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
St Louis, MO, USA) to achieve BPA treatment concentrations. DEPC water (Beyotime,
Nanjing, China) was used when cleaning zebrafish embryos and diluting cDNA.

2.2. BPA Exposure of Zebrafish Embryos

The workflow of the present research is in Figure 1. Zebrafish (Danio rerio) were
obtained from the Zebrafish Experiment Center of Soochow University (Suzhou, China). They
were raised in standard laboratory conditions at 28.5 ◦C with a 14:10 light/dark (LD) cycle.
Zebrafish were fed three times per day. Male and female adult fish (male/female = 1/1 or 1/2)
were separated by isolation boards in spawning tanks in the evening. The isolation boards
were removed when the light turned on automatically the next morning; then, the embryos
were collected within 2 h and rinsed with fish culture water for subsequent experiments.
Healthy embryos were selected by stereomicroscopy. In total, 30 embryos per group were
placed in an empty well of a 6-well plate, and then 3 mL of systemic culture water was
added to each well. According to the characteristics of zebrafish embryo development,
each stage of early embryo development was completed in 96 hpf, so the time point of
96 hpf was selected in the follow-up experiment. According to 96 hpf median lethal
concentration, we determined that the LC50 was 11.4 mg/L. As design, we chose half of
the LC50 (5.7 mg/L) as the exposure concentration. Zebrafish embryos were treated with
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5.7 mg/L BPA (Figure 2) from the cleavage period to the segmentation period (1–24 hpf),
pharyngula period (24–48 hpf) and hatching period (48–72 hpf); washed with fish culture
water 3 times and cultured until 96 hpf (changing water every day). The DMSO solvent
control (SC) group and blank control (BC) group were set up (the final concentration of
DMSO was 0.1%). Each dose group had three replicates. The embryos were chorionated.
The dead embryos were picked out during the culture process. All animal protocols were
performed in accordance with the Guidelines on the Care and Use of Animals and with the
approval of the Soochow University Animal Welfare Committee.
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Figure 2. Survival rate of zebrafish exposed to BPA. (A) Survival rate of zebrafish exposed to
different concentrations of BPA. (B) Survival rate of zebrafish exposed to different concentrations
of BPA at 96hpf. The modified Kohl method was used to calculate the LC50, 72 hpf = 12.639 mg/L,
95% confidence interval of 11.857–13.473; LC50, 96 hpf = 10.193 mg/L, 95% confidence interval of
9.040–11.494; LC50, 120 hpf = 9.045 mg/L, 95% confidence interval of 7.608–10.753. Data are the
mean ± SD (n = 90 in each concentration).

2.3. Locomotor Behavioral Analysis

To investigate the effect of early-life exposure to BPA on the nervous system, we stud-
ied the locomotor behavioral change underlying two scenarios such as spontaneous motion
and light-dark cycle stimulation. Three experimental replicated with 30 embryos were
exposed. Excluding embryos that died or that had overt toxicity, we selected 8 zebrafish for
each treatment group. Statistics were calculated for at least 8 zebrafish per treatment group;
then, the differences in 3 replicate experiments were calculated. At 96 hpf, the normally
developed zebrafish larvae were placed in a 96-well plate, one for each well, and 250 µL
of systematic fish culture water was added to make sure the zebrafish larvae could swim
freely. The 96-well plate was placed in a Zebralab high-throughput behavior analyzer (View
PointLife Sciences, Lyon, France) to detect the changes in locomotor behavior.

For spontaneous motion detection, after the light adapting to 30 min in the system, the
spontaneous movement of zebrafish larvae within 10 min was collected, and the swimming
speed of zebrafish larvae was calculated automatically.
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For the light-dark cycle stimulus assay, after the light adapting to 30 min in the system,
the light–dark cycle was set to 90 s (90 s light/90 s dark alternating) and repeated 3 times
to detect the response of zebrafish to the dark-light transition stimulus.

2.4. Transcriptomics Analysis

In order to explore the toxic mechanism of BPA in the sensitive stage of neurotoxicity,
we used RNA-seq to analyze the transcriptome of zebrafish larvae in SC group and exposed
group. The total genomic RNA of zebrafish exposed to BPA from the cleavage period to the
segmentation period (1–24 hpf) was extracted. The cracking reagent was blown, mixed and
centrifuged (13,000 rpm, 4 ◦C) to obtain short mRNA. The short mRNA was used as the
template to synthesize cDNA1 chain, and then the cDNA2 chain was further synthesized
and purified. Then, the poly A tail was added to the end of the cDNA2 chain, and the
joint sequence was connected. The DNA fragment was enriched after purification and
analyzed by a biological analyzer. The RIN (RNA Integrity Number) value was 8 after
analyzing on the bioanalyzer. The library was constructed, and the quality inspection
was carried out. The screening of differential genes was performed to calculate the read
number of genes in each sample according to htseq-count software. After obtaining the raw
reads in FastQ format, the 3′ end adapter sequence was pruned, and the low-quality value
(<20) region in the sequencing files was removed. Gene expression level was expressed by
fragments per kilobase of transcript per million mapped reads (FPKM). The raw read counts
were used to analyze differentially expressed genes (DEGs) using the “DESeq” package.
Then, the data were standardized, the differential genes were selected according to the
p value (p < 0.05) and fold change values larger than 1.5 of the differences, unsupervised
hierarchical clustering of differential genes was performed. GO enrichment analysis of the
differentially expressed genes was carried out to show the function of the differentially
expressed genes.

2.5. Real-Time Quantitative PCR Analysis

Total RNA was isolated from larvae using TRIzol reagent (Beyotime). The yields
of RNA samples were measured with a Nanodrop spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). All samples had an OD A260/A280 ratio (range 1.8–2.0).
A total of 1000 ng of RNA was used for the cDNA synthesis reaction using a RevertAid First
Strand cDNA Synthesis Kit (ThermoFisher Scientific). Quantitative real-time PCR analysis
was carried out with QuantStudio 6 (ThermoFisher Scientific) using the maxima SYBR
Green qPCR Master Mix (Roche), and subjected to the following two-step RT-PCR method:
120 s at 95 ◦C, followed by 45 cycles of 95 ◦C for 20 s and 60 ◦C for 40 s. The transcription
of β-actin was used as a housekeeping gene. Gene expression levels were measured in
triplicate for each treatment. The sequences of the primers used in this study are presented
in Table S1. The fold change of genes tested was calculated using the 2−44CT method.

2.6. Microinjection

Based on changes in mRNA activity in the results of the above transcriptomics analysis
and real-time quantitative PCR analysis, we focused on Cypin. In order to verify the role
of cypin in BPA exposure, we used rescue experiments. At the position of about 300 bp
after polyA, the primer sequence of the target gene cypin was designed with the vector
(pCDNA3.1-HA), restriction site (Notl, Nhel) and target gene (cypin). The total RNA of
the brain tissue of zebrafish was used as template and reverse transcribed into cDNA as
template for PCR amplification. Zebrafish cypin fragments were amplified by designed
primer sequences and analyzed by agarose gel electrophoresis. After gel recovery and
homologous recombination, the recombinant plasmid was digested with Notl and Nhel,
and the sequencing results showed that cypin was cut by agarose gel electrophoresis.
After sequencing, it was found that the sequenced recombinant plasmid was the target
gene cypin plasmid, indicating that the plasmid was constructed successfully. After cypin
sequencing, the promoter was amplified with T7 promoter and pCDNA3.1-HA as upstream
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and downstream primers. The PCR product was purified, and the mRNA of cypin was
synthesized by T7 transcriptase. Agarose gel electrophoresis analysis showed that the
transcription was successful. All zebrafish eggs were divided into six groups: blank control
group (BC group); microinjection of DEPC water group (DEPC group); microinjection of
cypin mRNA group (cypin group); BPA treatment group; BPA treatment after microinjection
of DPEC water group (BPA + DEPC group); and BPA treatment after microinjection of
cypin mRNA group (BPA + cypin group). The BPA treatment group, BPA + DEPC group
and BPA + cypin group were exposed to BPA for 24 hpf from the cleavage period to the
segmentation period (1–24 hpf). The purified mRNA was diluted to a 0.3 M injection
sample with Rnase-free water. The injection pressure was adjusted so that the volume of
each injection was 1–1.5 nL, and cypin was injected in the single-cell stage of zebrafish
embryos. After washing with fish culture water 3 times, they were cultured to 96 hpf
(changing water every day). Triplicates were set up at all concentrations, and dead fish
embryos were selected in time during culture. Zebrafish behavior and qPCR analysis
experiments were carried out after 96 hpf.

2.7. Guanine Deaminase Activity Assay

The guanine deaminase activity of zebrafish exposed to BPA (5.7 mg/L) from the
cleavage period to the segmentation period (1–24 hpf) and of the blank control group were
detected using a guanine deaminase kit (Kanglang Biotechnology, Shanghai, China). The
absorbance (OD) was determined by a microplate reader (BIO-TEX, Southlake, TX, USA) at
450 nm, and the content of guanine deaminase (GDA) in zebrafish samples was calculated
by a standard curve. Taking the concentration of the standards as the abscissa and the
OD value as the ordinate, and the corresponding concentration was determined from the
standard curve according to the OD value of the sample and then multiplied by the dilution
multiple, that is, the actual concentration of the sample.

2.8. Statistical Analysis

A formal acute toxicity test was designed using the modified Kohl method (Kaber) [28].
The movement speed and distance of zebrafish were counted by EthoVisionXT10.0 analysis
software (Noldus Information Technologies, Wageningen, The Netherlands), and the data
were collected once a second. The experimental data were statistically analyzed by SPSS
17.0 software (IBM, Armonk, NY, USA), and the statistical results were expressed as the
mean ± SD. In the rescue experiment, one-way analysis of variance (one-way ANOVA) cor-
rected by Bonferroni was used for multiple comparisons. Guanine deaminase activity was
tested by a t-test. In addition, p-values less than 0.05 was considered as statistical difference.

3. Results
3.1. Survival Rate of Zebrafish Exposed to BPA

Based on previous studies, embryos were exposed to BPA concentrations of 0, 2.5, 5
and 10 mg/L from 0 to 96 hpf, which is when embryos have crossed the hatching stage
and completed early embryo development. In total, 30 zebrafish embryos were in each
dose group, with 3 replicates. After that, the embryo survival rate was recorded from
24 hpf up to 120 hpf after BPA exposure (Figure 2A). According to the characteristics of
zebrafish embryo development, 96 hpf zebrafish embryos have crossed the hatching stage
and completed early embryo development; therefore, during the follow-up experiment,
we determined 96 hpf as the end of the time of exposure. According to the LC50, 96 hpf, the
subsequent experimental concentration was determined to be about half of the median
lethal concentration, that is, 5.7 mg/L.

3.2. Effects of BPA on Zebrafish Locomotor Behavior

As shown in Figure 3, the spontaneous movement speed of zebrafish in the blank
control group was approximately 0.13 mm/s, while that in the exposed group from the
cleavage period to the segmentation period (BPA1–24hpf group) decreased significantly

153



Toxics 2023, 11, 177

(p < 0.05), at approximately 18.97% lower than control. Compared with the BC group,
there were no statistical differences of spontaneous movement speed in other BPA-exposed-
period groups (p > 0.05). Generally, larvae increase their movement when subjected to
dark conditions. This increase in movement was consistent across multiple dark-light
cycles (Figure 4A). However, further analysis found that from the cleavage period to the
segmentation period (1–24 hpf), the moving distance in the light-dark cycle of the BPA
exposure group of zebrafish larvae were significantly decreased, dropping 29.7% in the
light period (p < 0.05, Figure 4B) and 18.4% in the dark period (p < 0.05, Figure 4C). There
were no statistical differences in the light-dark cycle in the other groups compared with
the BC group. Therefore, we confirmed that the sensitive period of BPA on the locomotor
behavior of zebrafish larvae was from the cleavage to the segmentation period (1–24 hpf)
in this study.
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3.3. Transcriptome Analysis of Zebrafish Larvae at Different Developmental Periods after
BPA Exposure

Figure 5A shows the hierarchical cluster heatmaps of differential genes expression
based on log10 of FPKM values through cluster analysis. As shown in Figure 5A, com-
pared with the BC group, there were statistical differences in 131 differential genes in the
BPA-exposed group during 1–24 hpf, of which 39 were significantly upregulated and 92
were significantly downregulated (Figure 5A). As shown in Figure 5B, we screened the dif-
ferential genes of the cleavage period to the segmentation period (1–24 hpf) in the exposed
group using the gene ontology (GO) analysis. Then, we listed the enrichment scores of
the top 20 terms that corresponded to the differential genes. Among them, there were six
entries with the highest enrichment scores corresponding to three GO terms: long-chain
fatty acid decomposition in the process of biology (acadl); cypin in the guanine catabolic
processes; molecular functions, including NAD transporter activity and FMN transporter
activity (slc25a17), long-chain acyl coenzyme A dehydrogenase activity (acadl) and gua-
nine catabolism (cypin). Because of the enrichment score of cypin and its enrichment in
both terms, and because it was closely related to neural development, we included it as a
biomarker for further investigation. As shown in Figure 5C, the results of real-time qPCR
showed that the expression of cypin was significantly decreased after exposure to BPA from
the cleavage period to the segmentation period (1–24 hpf) compared with the BC group
(p < 0.05). Our transcriptome sequencing results also showed that cypin mRNA levels of
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1–24 hpf zebrafish larvae were significantly downregulated in the exposed group. These
results suggest that cypin might play an important role in the neural development from
cleavage period to the segmentation period (1–24 hpf) of zebrafish.
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results of the trend of the distance. Abscissa white for light, black for darkness. Data are the
mean ± SD (n = 24 in each concentration). *, significant from blank control, p < 0.05, **, significant
from blank control, p < 0.01.

3.4. Changes in Cypin during Zebrafish Embryonic Development

Figure 6 shows the expression of cypin in zebrafish embryos (wild-type unexposed
embryos) during development (1 hpf, 24 hpf, 48 hpf, 72 hpf, 96 hpf). The results showed that,
compared with 1 hpf zebrafish embryos, the expression of cypin was significantly increased
at 24 hpf (p < 0.05) and then returned to the 1 hpf level at other points in development time.
This suggests that cypin played an important role in early neural development.
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three times), *, significant from blank control, p < 0.05.

157



Toxics 2023, 11, 177

Toxics 2023, 11, x FOR PEER REVIEW 10 of 18 
 

 

that, compared with 1 hpf zebrafish embryos, the expression of cypin was significantly in-
creased at 24 hpf (p < 0.05) and then returned to the 1 hpf level at other points in develop-
ment time. This suggests that cypin played an important role in early neural development. 

 
Figure 6. The expression of cypin at different developmental periods. Data are the mean ± SD, *, 
significant from 1 hpf, p < 0.05. 

3.5. Effect of BPA on the Activity of Guanine Deaminase in Zebrafish Embryos during 1–24 hpf 
Cypin, also known as guanine deaminase (GDA), the primary guanine deaminase in 

the brain, plays key roles in shaping neuronal circuits and regulating neuronal survival. 
Based on the above results, we found that the mRNA of cypin only decreased significantly 
in the stage from the cleavage period to the segmentation period (1–24 hpf). However, in 
the aforementioned BPA-unexposed zebrafish (Figure 6), the mRNA levels of cypin were 
significantly elevated at 1–24 hpf compared to those in other stages. The magnitude of 
cypin change was significant. Therefore, we focused on the changes of GDA activity in 
BPA exposure stage from the cleavage period to the segmentation period (1–24 hpf). As 
shown in Figure 7, since zebrafish exposed to BPA at 1-24 hpf had reduced cypin expres-
sion, we then tested whether the fish also had reduced GDA and found that the fish ex-
posed to BPA had significantly lower GDA. 

Figure 6. The expression of cypin at different developmental periods. Data are the mean ± SD,
*, significant from 1 hpf, p < 0.05.

3.5. Effect of BPA on the Activity of Guanine Deaminase in Zebrafish Embryos during 1–24 hpf

Cypin, also known as guanine deaminase (GDA), the primary guanine deaminase in
the brain, plays key roles in shaping neuronal circuits and regulating neuronal survival.
Based on the above results, we found that the mRNA of cypin only decreased significantly
in the stage from the cleavage period to the segmentation period (1–24 hpf). However, in
the aforementioned BPA-unexposed zebrafish (Figure 6), the mRNA levels of cypin were
significantly elevated at 1–24 hpf compared to those in other stages. The magnitude of
cypin change was significant. Therefore, we focused on the changes of GDA activity in BPA
exposure stage from the cleavage period to the segmentation period (1–24 hpf). As shown
in Figure 7, since zebrafish exposed to BPA at 1-24 hpf had reduced cypin expression, we
then tested whether the fish also had reduced GDA and found that the fish exposed to BPA
had significantly lower GDA.

3.6. Changes in Cypin Expression after Microinjection of Cypin mRNA

Through the above experiments, we found that BPA exposure reduced the mRNA
level and activity of cypin. Therefore, we wanted to confirm whether cypin was the key
sensitive gene of BPA during this period by the microinjection of cypin mRNA. After the
microinjection of cypin mRNA, we determined the post-injection results of mRNA using
qPCR. According to Figure 8, the expression of cypin in the cypin group was significantly
higher than that in the BC group. The expression of cypin in BPA treatment group and
BPA+DEPC group decreased significantly compared with the BC (blank control) group,
but there was no significant difference between the BC group and BPA+ cypin group,
suggesting that BPA can induce the downregulation of cypin gene expression and the
microinjection of cypin mRNA can reverse the downregulation of cypin gene expression
induced by BPA.
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3.7. The Locomotor Behavior Change of Zebrafish Larvae after Microinjection of Cypin mRNA

After the microinjection of cypin mRNA, the spontaneous movement of zebrafish
larvae was observed (Figure 9). Compared with the BC group, there was no statistical
difference of spontaneous movement speed in the DEPC group, but it was significantly
increased in the cypin group (p < 0.05), indicating that cypin could accelerate the swimming
speed of zebrafish larvae. The spontaneous movement speed in the BPA treatment group
and BPA + DEPC group both decreased significantly (p < 0.05), and that in the BPA + cypin
group had no statistical difference compared to the BC group (p > 0.05), showing that BPA
could suppress zebrafish movement speed and that cypin microinjection could reverse the
BPA-induced movement speed inhibition of zebrafish larvae to normal levels.
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cypin mRNA. Data are the mean± SD (n = 24 in each concentration). *, significant from blank control,
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The behavioral results of light and dark stimuli were consistent with the results of
spontaneous movement speed (Figure 10A–C). After microinjection, the locomotor behavior
of zebrafish larvae returned to normal level. All of the abovementioned results suggested
that BPA mediates neurotoxicity and affects the locomotor behavior of zebrafish larvae by
inhibiting the expression of cypin mRNA from the cleavage period to the segmentation
period (1–24 hpf).
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Figure 10. Effects of exposure to BPA on locomotor behavior under light-dark cycle stimulation
of zebrafish embryos after microinjection of cypin mRNA. (A) The trend of distance. (B,C) The
analysis results of the trend of the distance. Abscissa white for light, black for darkness. Data are the
mean ± SD (n = 24 in each concentration). *, significant from blank control, p < 0.01; **, significant
from blank control, p < 0.001.

161



Toxics 2023, 11, 177

4. Discussion

Bisphenol A is an environmental endocrine disruptor. Scientists have reached the
consensus that bisphenol A could be enriched in organisms through the food chain [29].
It is structurally similar to estrogen and competes for binding to estrogen receptors α/β,
thus interfering with hormone signaling in the nervous system [30–32], which is essential
for brain development. Prenatal exposure to BPA can impair the neurodevelopment of
children, mainly manifested as anxiety, depression and hyperactivity [33,34].

In this study, the zebrafish larvae were exposed to BPA from the cleavage period to the
segmentation period (1–24 hpf). Neurodevelopment in zebrafish begins during gastrula for-
mation (approximately 6 hpf), when nerve cells arrive in place and form neural plates [35].
The neural plate becomes tubular at the end of gastrula formation (9–10 hpf), and differ-
ent brain regions are segmented in the following 6–8 h [36]. At 24 hpf, zebrafish brain
partitioning is basically complete, and the initial neurons are connected by axons [23,37].
Therefore, we deduce that the cleavage period to segmentation period (1–24 hpf) of ze-
brafish is a very important period of nervous system development. Our result did find that
BPA exposure from the cleavage period to the segmentation period significantly decreased
the spontaneous movement of zebrafish larvae. There was no difference in other periods.
Locomotor behavior is a relatively sensitive indicator of internal physiological changes
as well as of nerve injury. Thus, we believed that BPA induced neurotoxicity mainly in
segmentation period. First, cypin, a key gene targeted by BPA, was upregulated during
1–24 hpf of development (Figure 6). Second, toxicokinetic prediction modeling showed
that the concentration of BPA in zebrafish embryos (chorionated) gradually increased over
time, reached the highest level at 40 hpf and then began to decrease. We found that the
concentration of BPA in the prediction model increased continuously at 1–24 hpf, and our
results showed that the expression of cypin only increased significantly at the 1–24 hpf
period during the normal development of zebrafish embryos and decreased only at this
period after BPA exposure. Therefore, even if the highest concentration is not reached
in the 1–24 hpf period, it still produces the most serious effect. Therefore, we speculate
that the toxicokinetics of BPA itself may play a role [38]. This modeling in our study
correlates with our findings and suggests that the most susceptible period for BPA to exert
its neurodevelopmental toxic effects is early in life, both in terms of its own toxicokinetics
and the metabolic kinetics of zebrafish.

Cypin, known as cytosolic postsynaptic density protein 95 interactor, is also called the
primary guanine deaminase (GDA; Guaninase) in the brain and plays key role in shaping
neuronal circuits and regulating neuronal survival [39,40]. Microchemical analysis of the
brain revealed that that cypin is mainly located in the dendritic axis and synaptic neck [39].
The overexpression of cypin in hippocampal neurons increases the number of dendrites,
while knockdown could reduce the dendrite number [41] that is associated with GDA
activity [41] and zinc ion-binding [42]. The decrease in the number of dendrites may lead
to the failure of neurons to receive information normally, leading to neural abnormalities.
Neuronal dendrites play an important role in the normal reception of information by the
neural signal network. To understand the role of cypin in the neuron development of
zebrafish, we tested cypin gene expression in different periods of embryonic development.
The qPCR results showed cypin expression fluctuated with increasing exposure time
compared to 1 hpf, increasing significantly at 24 hpf and falling back to the same level
as 1 hpf at 48 hpf, 72 hpf and 96 hpf. The abovementioned results were consistent with
the results of the Patel MV determination of the level of cypin in the mice brain, and the
expression of cypin was increased at the beginning and then decreased to normal level [43].
Another study found that reduced locomotor behavior in children with autism spectrum
disorder (ASD) may be due to cypin deficiency during pregnancy [44]. All of these findings
indicate that cypin plays an important role in early neural development and are consistent
with our findings.

To verify the role of cypin under BPA exposure, we detected the activity of guanine
deaminase (GDA) and found that BPA could decrease the activity of GDA. GDA plays a
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critical role in neurodevelopment, and its enzyme activity is essential for normal purine
recovery and brain development and function [41]. A specific reduction in guanine to
adenine nucleotide levels was also found in Lesch-Nyhan disease, where a patient had
dyspraxia and intellectual disabilities [45]. Our results did find that enzymes involved in
purine metabolism, such as guanine deaminase, may play an important role in regulating
appropriate neuronal activity, which suggests that the decrease of BPA-induced guanine
deaminase activity may lead to impaired neurodevelopment in zebrafish. In summary,
we speculate that BPA affects the neural development of zebrafish by interfering with the
expression of cypin during the 1–24 hpf period. To confirm this hypothesis, we used a
microinjection experiment of cypin mRNA. Then, microinjected embryos were exposed
to BPA up to 24 hpf. The results of PCR showed that the level of cypin mRNA returned
to normal, and the spontaneous locomotor behavior of zebrafish returned to the normal
level. Therefore, we speculate that that cypin plays an important role in the neural develop-
ment process from the cleavage period to the segmentation period (1–24 hpf) of zebrafish.
Notably, based on the critical period identified in this study (1–24 hpf), there was a motor
measurement endpoint directly related to the synapse, spontaneous caudal coiling, only
at 24 hpf [46]. This would be a BPA neurodevelopmental endpoint that requires further
attention in this study early in life.

The limitations and prospects of this study also need to be mentioned. It has been
found that PSD-95 is involved in learning and memory impairment induced by BPA in
rats [47], and the binding of cypin to PSD-95 correlates with the formation of stable dendrite
branches [48]. Therefore, cypin may play a role in BPA-induced neurotoxicity by binding
PSD-95 to affect the neural network. In addition, the study also found that RhoA, a member
of the Rho family, has been shown to regulate dendritic crystal formation, global dendritic
structure and dynamic dendritic behavior [49], and activated RhoA acts as a negative
regulator of dendritic branching by reducing cypin expression in a translocation-dependent
manner [50]. Does BPA affect the expression of RhoA, thereby regulating the expression
of cypin and thus affecting the locomotor behavior of zebrafish? Further discussion and
confirmation of the mechanism are still needed in the future.

5. Conclusions

In this study, we concluded that the sensitive period of BPA to neurotoxicity in
zebrafish embryos is from the cleavage period to the segmentation period (1–24 hpf),
which is manifested as the inhibition of locomotor behavior in zebrafish. Moreover, BPA
can mediate neurotoxicity by downregulating the expression of cypin mRNA from the
cleavage period to the segmentation period (1–24 hpf) and influence the locomotor behavior
of zebrafish. Therefore, we speculate that cypin gene may be a potential biomarker of
neural development.
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Abstract: Metabolism underlies the pathogenesis of acute myeloid leukemia (AML) and can be
influenced by gut microbiota. However, the specific metabolic changes in different tissues and the
role of gut microbiota in AML remain unclear. In this study, we analyzed the metabolome differences
in blood samples from patients with AML and healthy controls using UPLC-Q-Exactive. Additionally,
we examined the serum, liver, and fecal metabolome of AML model mice and control mice using
UPLC-Q-Exactive. The gut microbiota of the mice were analyzed using 16S rRNA sequencing. Our
UPLC-MS analysis revealed significant differences in metabolites between the AML and control
groups in multiple tissue samples. Through cross-species validation in humans and animals, as well
as reverse validation of Celastrol, we discovered that the Carnosine–Histidine metabolic pathway
may play a potential role in the occurrence and progression of AML. Furthermore, our analysis
of gut microbiota showed no significant diversity changes, but we observed a significant negative
correlation between the key metabolite Carnosine and Peptococcaceae and Campylobacteraceae. In
conclusion, the Carnosine–Histidine metabolic pathway influences the occurrence and progression of
AML, while the gut microbiota might play a role in this process.

Keywords: acute myeloid leukemia; gut microbiota; metabolomics; metabolic pathway

1. Introduction

Acute myeloid leukemia (AML) is a malignant tumor characterized by abnormal
proliferation, differentiation disorders, and blocked apoptosis of myeloid stem cells. The
accumulation of leukemia cells causes damage by inhibiting normal hematopoiesis and
infiltrating other tissues and organs. The prognosis of the disease is poor, with an average
survival period of only about 3 months without specific treatment, and the 5-year survival
rate after treatment is only about 10–35% [1]. For decades, chemotherapy has remained the
main treatment for AML [2], with the goal of inducing remission. However, elderly patients,
who are the main population affected by the disease, often have difficulty tolerating
chemotherapy [3]. In addition, relapse is difficult to avoid, and the survival rate drops
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sharply after relapse. AML is highly heterogeneous, and there has been little progress in
treatment methods for a long time. Therefore, a better understanding of the development
and progression mechanisms of AML is required in order to effectively prevent the disease
and mitigate its incidence.

Metabolomics is the scientific study of the metabolite profile of an organism under
specific physiological or pathological conditions. By analyzing the types and quantities of
metabolites in an organism, it can reveal the metabolic pathways, regulatory mechanisms,
and associations with disease development. Metabolic changes may play an important role
in the occurrence and development of AML. In AML research, metabolomics techniques
have been widely used to analyze the blood metabolism of groups of patients with AML
and controls, in order to discover metabolic pathways and molecular biomarkers associated
with AML [4], and to aid in disease diagnoses and outcome prediction [5,6]. However,
organismal metabolism is a complex system involving multiple metabolic pathways and
molecular interactions. Single-type samples may not fully reflect the overall changes
in organismal metabolism. Studies have found that plasma has better reproducibility,
while serum has higher sensitivity [7,8]. Using different sample types can lead to more
comprehensive results. Therefore, in this study, we analyzed the metabolic changes in
serum, liver, and fecal samples of mice, as well as serum and plasma samples from human
subjects to complement each other and to enhance population metabolic information, for
validation and replication. Additionally, in the mouse experiments, we used a natural
compound, Celastrol, which has been shown to possess anti-leukemia activity, as a reversing
agent [9], to further validate key metabolites.

The gut microbiota, a crucial microbial component residing in the gastrointestinal
tract, have been found to play a significant role in metabolism and immunity due to their
large numbers and diverse genomes. Helicobacter pylori, through chronic inflammation and
specific virulence factors, has emerged as a major risk factor for gastric cancer [10]. Similarly,
Fusobacterium nucleatum has been implicated in inducing colorectal cancer metastasis by
downregulating m6A gene modification [11]. It has been reported that the gut microbiota
can regulate and maintain normal hematopoiesis [12]. In the research of AML, researchers
have discovered that the composition of the gut microbiota is related to the treatment [13].
Currently, fecal microbiota transplantation (FMT) is being used in clinical practice to
correct gut dysbiosis and eradicate multidrug-resistant bacteria, thereby treating diseases.
These findings suggest that the gut microbiota may also play a role in the occurrence
and development of AML. Therefore, it is necessary to explore the complex relationship
between the gut microbiota and the development of AML.

The gut microbiota can influence the human body by producing metabolites, with
short-chain fatty acids (SCFAs) [14] and tryptophan [15] being among the most extensively
studied. These metabolites help maintain gut barrier integrity and reduce disease-related
effects. Feces consist of undigested food residues, bacterial metabolites, and other waste
materials from the intestines, making changes in fecal metabolites reflective of the metabolic
activities of the gut microbiota. By analyzing 16S rRNA in feces, we can gain insights into
the composition and function of the gut microbiota, and further investigate the relationship
between the gut microbiota and human health. The regulation of organismal metabolism by
the gut microbiota genome plays a crucial role in normal physiological functions and disease
responses. However, there is still a lack of research on microbiota-dependent metabolites
in AML. Additionally, the gut microbiota are susceptible to influences from the diet [16],
medications [17], and the environment, making it challenging to conduct population studies
with limited confounding variables. Therefore, we aimed to elucidate the alterations in the
gut microbiota in the context of AML using a mouse model, which provides a relatively
stable and controlled environment. Additionally, we sought to investigate the relationship
between changes in the gut microbiota and metabolic alterations.

This study aimed to investigate the non-targeted metabolic changes in multiple sam-
ples of AML using a mouse model and blood samples from patients with AML, employing
UPLC-MS technology. Additionally, a reversal experiment was conducted using an AML
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inhibitor, Celastrol, to elucidate key metabolic processes. Furthermore, changes in the
gut microbiota were revealed through 16S rRNA amplicon sequencing, and the potential
mechanisms of gut microbiota in AML metabolic changes were inferred through statistical
and biological correlations. The significance of this study lies in the establishment of a
mouse model and the utilization of various techniques to uncover the overall metabolic
changes in multiple samples and across species in AML, as well as exploring the potential
connections between these changes and the gut microbiota. This research is important for a
deeper understanding of the pathogenesis of AML, and identification of new prevention
and treatment targets.

2. Materials and Methods
2.1. AML Mouse Model

SPF-grade BALB/c nude mice (male, 5 weeks old, weighing 18–20 g) were purchased
from Shanghai Lingchang Biotechnology Co., Ltd. (Shanghai, China). and housed at the
Animal Experimental Center of Nanjing Medical University. The mice were kept under
constant environmental conditions with a humidity of 55 ± 10% and a temperature of
22 ± 2 ◦C, with a 12 h light/dark cycle. They had unrestricted access to water and food.
The principles of the 3Rs were followed to ensure the welfare of the experimental animals.
After one week of adaptation, the mice were randomly divided into a control group (n = 8)
and a treatment group (n = 25). There was no statistically significant difference of weight
between groups (Figure S1). HL-60 cells in the logarithmic growth phase were resuspended
in PBS at a density of 5 × 107 cells/mL and subcutaneously injected into the right dorsal
axillary region of the treatment group mice, with an injection volume of 100 µL. The control
group mice were injected with an equal volume of physiological saline. When the tumor
volume reached 200–250 mm3, the mice were randomly divided into the AML group
(n = 8), low-dose Celastrol treatment group (n = 8), and high-dose Celastrol treatment group
(n = 9). The Celastrol treatment groups were intraperitoneally injected with 200 µL of a
solution containing Celastrol at concentrations of 0.1 mg/mL and 0.2 mg/mL, respectively,
once daily. Previous research has demonstrated the inhibitory efficacy of Celastrol against
AML at these specific concentrations [18,19]. The control group and AML group were
given an equal volume of physiological saline daily. When the tumor volume of the AML
group mice reached 2500–3000 mm3, samples were collected. Adequate fecal samples were
collected from the intestines of the dissected mice and stored in clean containers for 16S
rRNA gene sequencing. Various organs were also collected and stored in liquid nitrogen
for the subsequent analysis.

2.2. Study Population

This section describes a cross-sectional study that included two groups: an AML
group (n = 19) diagnosed between October 2020 and December 2020 and a recruited healthy
control group (n = 35) at Jiangsu Provincial Hospital and Nanyang First People’s Hospital.
The inclusion criteria for the AML group were as follows: diagnosed with AML based on
blood cell examination with no liver or kidney diseases, and no recent use of medications
that could affect metabolism. The inclusion criteria for the healthy control group were the
exclusion of individuals with common endocrine disorders, acute or chronic gastroenteritis,
severe impairment of cardiac, hepatic, pulmonary, or renal structure and function, and
individuals with tumors. Basic information, including age, gender, and medical history,
was recorded for all participants for the subsequent analysis. Fasting blood samples were
collected in the morning after an 8–12 h fast (plasma group: n = 30, serum group: n = 24)
and stored at −80 ◦C for the subsequent UPLC-MS analysis. This study was conducted in
accordance with the ethical standards of Jiangsu Provincial Hospital and Nanyang First
People’s Hospital. All participants involved in this study provided informed consent.
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2.3. Metabolomic Analysis

The metabolomic analysis of plasma, serum, liver, and feces was performed using
the UPLC-Q-Exactive platform (UPLC Ultimate 3000 system, Dionex, Germering, GER;
Q-Exactive Orbitrap, Thermo Fisher Scientific, Bremen, GER) according to our previous
report [20]. Briefly, protein precipitation was conducted with a methanol–water mixture
containing isotope-labeled internal standards. The fecal samples were homogenized using
vortexing and ultrasonic wave treatment as described in our previous study [21]. The
supernatant was concentrated to dryness using a centrifugal concentrator (Labconco,
Kansas, MO, USA). The dried sample was reconstituted and ready for the analysis. A
Hypersil GOLD C18 column (100 mm × 2.1 mm, 1.9 µm, Thermo Fisher Scientific, Vilnius,
Lithuania) was used for a chromatography system. Acetonitrile containing 0.1% formic
acid was used as mobile phase A and ultrapure water containing 0.1% formic acid was
used as mobile phase B. The flow rate was set at 0.40 mL/min (column temperature at
40 ◦C). The ionization mode for mass spectrometry was heated electrospray ionization
(HESI). The spray voltage was set at 3.5 kV for positive ion mode and 2.5 kV for negative
ion mode. Full scan mode was used with a scan range of 70 to 1050 m/z and a resolution
of 70,000. The accurate mass and retention time of metabolites were compared with those
of metabolite standards using a self-built standard library using TraceFinder 3.1 software
for metabolite identification. All samples were analyzed in a randomized fashion to avoid
bias of the injection order. The data were further analyzed after integral normalization [22].
An equivalent volume from each sample under investigation was combined to create
quality control (QC) samples, and a blank solvent was utilized as the reference blank.
The same procedural steps applied to the test samples were followed for the QC and
blank samples. The QC samples were injected after every fifth sample injection during the
analysis of the test samples. The ropls package (v1.30.0) was used to perform a partial least
squares discriminant analysis (PLS-DA) and extract important features based on variable
importance in projection (VIP).

2.4. The 16S rRNA Gene Sequencing and Amplicon Analysis

The 16S rRNA gene sequencing was performed by Shanghai Meiji Biomedical Tech-
nology Co., Ltd. (Shanghai, China). The specific steps are as follows: After extracting
the microbial community genomic DNA from the samples using the E.Z.N.A.® soil DNA
kit (Omega Bio-tek, Atlanta, GA, USA) according to the manufacturer’s instructions, the
quality of the DNA was checked using 1% agarose gel electrophoresis, and the DNA concen-
tration and purity were measured using NanoDrop2000 (Thermo Fisher Scientific, Waltham,
MA, USA). Specific primers with barcodes were synthesized for the conserved sequences
of the V3-V4 region of the 16S rRNA gene (338F: 5′-ACTCCTACGGGAGGCAGCAG-3′ and
806R: 5′-GGACTACHVGGGTWTCTAAT-3′), and PCR amplification was performed using
TransStart Fastpfu DNA Polymerase (TransGen Biotech, Beijing, China). This step was
carried out on an ABI GeneAmp® 9700 (ABI, Foster City, CA, USA) thermal cycler. Each
sample was amplified in triplicate, and the mixed products were checked using 2% agarose
gel electrophoresis. The PCR products were then gel-extracted using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) and eluted with Tris-HCl. After
constructing the Miseq library using the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific,
Austin, TX, USA), sequencing was performed on the Miseq PE300 platform (Illumina, San
Diego, CA, USA). The paired-end (PE) reads from sequencing data, which were split based
on barcodes and primers, were merged and quality-controlled using FLASH (v1.2.11), fastp
(v0.20.1), and vsearch (v2.15.0). The analysis of amplicons includes the concatenation and
quality control of raw data, operational taxonomic unit (OTU) clustering and annotation, a
diversity analysis, and functional prediction. The specific steps are as follows:

QIIME1 (v1.9.1) was used for OTU clustering, annotation, and phylogenetic tree
construction. (1) The merged and quality-controlled sequences were clustered into OTUs at
a 97% similarity threshold using the usearch61 algorithm. Representative sequences were
selected for each OTU. (2) The rdp algorithm was then used to annotate the representative
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sequences at a confidence threshold of 0.7, based on the Silva 16S rRNA database (v132),
resulting in a table of annotated OTUs. (3) The PyNAST algorithm was used to align the
representative sequences, and gaps were filtered out to construct a phylogenetic tree for
a downstream analysis. Rare OTUs (<0.005%) and unnecessary taxonomic groups were
filtered out, and the OTU table was rarefied based on the minimum sample abundance for
the downstream analysis.

A species diversity analysis included an analysis of species abundance and com-
position. An α-diversity analysis focused on the diversity within individual samples
and reflected the richness and evenness of microbial communities. Metrics such as Sobs,
Chao, Shannon, Simpson, and PD indices were used to characterize sample diversity. A
β-diversity analysis is used to compare the differences in microbial composition between
groups and to analyze the similarity between samples. The Weighted UniFrac distance
algorithm is used to construct a hierarchical clustering tree based on the similarity of
samples between groups. A DESeq2 analysis was used to identify significantly different
taxonomic groups. Taxa with p < 0.05 and fold change > 2 were considered as significantly
altered taxa.

PICRUSt2 software v2.3.0b0 was used to predict the metabolic functional profiles of
bacteria corresponding to the 16S rRNA gene sequences. First, an evolutionary tree with
gene information (species and quantity) was constructed based on known gene sequences
and gene abundances. Then, the 16S rRNA gene sequences obtained from sequencing were
matched to their phylogenetic relatives in the tree to predict their gene information. The
predicted gene information was then assigned biological significance by identifying the
corresponding metabolic pathways using the MetaCyc database. To examine the differences
in metabolic pathways between different groups, we employed Welch’s t-tests and fold
change to compare the abundance of pathways in each group. Pathways with a p-value less
than 0.05 and a fold change greater than 2 were considered significantly different between
the groups.

2.5. Statistical Analysis

Quantitative data were presented as the mean ± standard deviation (M ± SD). Two
group comparisons were performed using t-tests or Wilcoxon rank-sum tests. A one-way
analysis of variance (ANOVA) was used when the comparison was conducted in three
groups followed by Dunnett’s test. Rate comparisons were conducted using chi-square
tests or Fisher’s exact tests. Spearman rank correlation coefficients were used to assess
correlation. R software (v4.2.1) was used for all analyses and preparation of figures. To
improve the statistical robustness, we used VIP > 1 in combination with the p-value < 0.05
to find significant metabolomic changes [23,24]. Unless otherwise specified, p < 0.05 was
considered statistically significant.

3. Results
3.1. Multi-Sample Metabolomic Analysis of AML Mice and Human Population
3.1.1. Carnosine and L-Histidine: Key Players in AML Revealed in Mouse Model

In order to investigate the overall metabolic changes in AML, we constructed an
AML mouse model and selected mouse serum, liver, and feces as the study objects. These
sample sources represent different levels of metabolic reactions, with mouse serum and
liver metabolism reflecting the host’s metabolic status, and fecal metabolism reflecting
the metabolic activity of the gut microbiota. Through the metabolic analysis of these
samples, we hope to uncover the changes and correlations between host metabolism and
gut microbiota metabolism, and provide new clues for further research.

In the AML group, nude mice developed rice-sized white tumors subcutaneously
around 10 days after HL-60 cell inoculation, indicating successful modeling of tumor-
bearing nude mice. A total of 160 endogenous metabolites were detected in all mouse
samples. PLS-DA models were established for the metabolomic data of serum, liver, and
feces. However, the liver sample data failed to establish a successful model, indicating that
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the metabolic changes were mild between different groups. On the other hand, successful
models were established for the feces and serum groups. As shown in Figure 1A,B, the
AML group and the control group were clearly separated in the 3D plots, with Q2(cum)
values of 0.694 and 0.815, respectively. Permutation tests also indicated the stability of the
predictive results.
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tributions of the two groups of metabolites were displayed using VIP-p plots (Figure 
1C,D). Using a criterion of VIP > 1 and p < 0.05, a total of seven different metabolites were 
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Figure 1. Metabolomic analysis of mouse feces and serum. (A,B) PLS-DA score plots of mouse
feces and serum, with each point representing a sample and colored by group. Red represents
the AML group, while blue represents the control group. (C,D) VIP-p plots of mouse feces and
serum metabolites, with each point representing a metabolite. The x-axis represents the p-value
from the t-test between metabolite groups, while the y-axis represents the VIP value of metabo-
lites after PLS-DA analysis. The blue lines represent the screening thresholds, where VIP > 1 and
p-value < 0.05. Red indicates upregulation in the AML group, while green indicates downregulation
in the AML group.

After the multivariate statistical analysis, t-tests, the differences and importance distri-
butions of the two groups of metabolites were displayed using VIP-p plots (Figure 1C,D).
Using a criterion of VIP > 1 and p < 0.05, a total of seven different metabolites were screened
in the feces, including Xanthurenic acid, Pyridoxamine, Indole, and 5-Methylcytosine,
which decreased in the AML group, and L-Histidine, N-Acetyl-L-methionine, and Glu-
conolactone, which increased in the AML group (Figure S2A). In the serum, a total of nine
different metabolites were screened, including Cytidine and Capric acid, which decreased
in the AML group, and Glucosamine 6-phosphate, L-Carnitine, Leucinic acid, L-Glutamic
acid, N-Glycolylneuraminic acid, Glucose 6-phosphate, and Carnosine, which increased in
the AML group (Figure S2B).

These results indicated that serum and fecal metabolites, as representatives of host
and microbial metabolism, represented more sensitive changes in AML compared to
liver metabolism.
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In order to further understand the role of these metabolites in AML, we conducted
administration experiments of Celastrol, which is an agent that can inhibit the proliferation
of HL-60 cells. As shown in Figure 2, Celastrol exhibited inhibitory effects on tumor growth.
There was a statistically significant difference in tumor volume and weight between the
AML group and the treatment group (Figure 2A,B). After analyzing the metabolic changes
in feces, we found that the level of 5-Methylcytosine decreased in the feces of the AML
group, but it returned to normal after high-dose Celastrol treatment (Figure 2C). On the
other hand, the level of L-Histidine in the feces of the AML group increased significantly,
but it returned to normal after Celastrol treatment (Figure 2D). Interestingly, L-Histidine
serves as a downstream metabolite in the aforementioned Carnosine metabolic pathway,
suggesting that the Carnosine–Histidine pathway could potentially play a role in the
initiation and advancement of AML.
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Figure 2. Reversal effect of Celastrol on metabolism in AML mouse model. (A,B) Box plots showing
tumor volume (mm3) and weight (g) in mice after Celastrol treatment, color-coded by group; The
black dots represent outliers; * indicates p < 0.05, and ** indicates p < 0.01. (C,D) Box plots showing
levels of 5-Methylcytosine and L-Histidine in mice after Celastrol treatment, with the mean of the
control group as the reference, color-coded by group; The black dots represent outliers; * indicates
p < 0.05.

3.1.2. Consistent Metabolic Changes in AML in Humans and Mice: Validation of Carnosine
as a Key Metabolite

To further investigate AML-related metabolic changes, we conducted a study on blood
metabolism in human populations to compare and validate the findings from the mouse
model. We collected both serum and plasma samples to obtain comprehensive metabolic
information. The study on human blood metabolism included 35 patients with AML
and 19 healthy participants. Table 1 presents the demographic characteristics of the two
groups, including gender, age, and blood type. After propensity score matching (PSM),
the variables between the case and control groups in serum and plasma were balanced
(p > 0.05).
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Table 1. Study population features.

AML HC Overall p-Value
(N = 19) (N = 35) (N = 54)

Sex
Female 11 (57.9%) 19 (54.3%) 30 (55.6%)

1Male 8 (42.1%) 16 (45.7%) 24 (44.4%)
Age (year)
Mean (SD) 56.3 (16.9) 52.8 (17.8) 54.0 (17.4)

0.474Median [Min, Max] 58.0 [14.0, 80.0] 62.0 [22.0, 75.0] 58.5 [14.0, 80.0]
Type

Plasma 14 (73.7%) 10 (28.6%) 24 (44.4%)
Serum 5 (26.3%) 25 (71.4%) 30 (55.6%)

Using the described metabolomics approach, a total of 186 endogenous metabolites
were detected in the human blood samples. The PLS-DA models (Figure 3A,B) showed clear
separation between the AML and control groups in both serum and plasma samples, with
estimated predictive abilities (Q2(cum)) of 0.867 and 0.687, respectively, and statistically
significant permutation test p-values. This indicated that AML could also affect blood
metabolism in human populations. These data could be utilized for a subsequent further
analysis to investigate in depth the relationship between metabolism and AML.

Toxics 2024, 12, x FOR PEER REVIEW 8 of 17 
 

 

Table 1. Study population features. 

 
AML HC Overall 

p-Value 
(N = 19) (N = 35) (N = 54) 

Sex     
Female 11 (57.9%) 19 (54.3%) 30 (55.6%) 1 Male 8 (42.1%) 16 (45.7%) 24 (44.4%) 

Age (year)     
Mean (SD) 56.3 (16.9) 52.8 (17.8) 54.0 (17.4) 

0.474 Median [Min, Max] 58.0 [14.0, 80.0] 62.0 [22.0, 75.0] 58.5 [14.0, 80.0] 
Type     

Plasma 14 (73.7%) 10 (28.6%) 24 (44.4%)  
Serum 5 (26.3%) 25 (71.4%) 30 (55.6%)  

Using the described metabolomics approach, a total of 186 endogenous metabolites 
were detected in the human blood samples. The PLS-DA models (Figure 3A,B) showed 
clear separation between the AML and control groups in both serum and plasma samples, 
with estimated predictive abilities (Q2(cum)) of 0.867 and 0.687, respectively, and statisti-
cally significant permutation test p-values. This indicated that AML could also affect blood 
metabolism in human populations. These data could be utilized for a subsequent further 
analysis to investigate in depth the relationship between metabolism and AML. 

 
Figure 3. Shared differential metabolites between AML groups and control groups in mice and hu-
mans. (A,B) PLS-DA score plots of human population serum and plasma, with each point repre-
senting a sample and colored by group. Red represents the AML group, while blue represents the 
control group. (C,D) Histograms showing the shared differential metabolites in each tissue between 
groups in humans and mice. Considering the differences in metabolism between species and com-
plexity in human population study, we used a threshold of p < 0.1 for human population and a 
criterion of VIP > 1 and p < 0.05 for mice. The x-axis represents the shared differential metabolites, 
and the y-axis represents the log2FC values of metabolite levels. * indicates significance, color-coded 
by group. 

Figure 3. Shared differential metabolites between AML groups and control groups in mice and
humans. (A,B) PLS-DA score plots of human population serum and plasma, with each point rep-
resenting a sample and colored by group. Red represents the AML group, while blue represents
the control group. (C,D) Histograms showing the shared differential metabolites in each tissue
between groups in humans and mice. Considering the differences in metabolism between species
and complexity in human population study, we used a threshold of p < 0.1 for human population and
a criterion of VIP > 1 and p < 0.05 for mice. The x-axis represents the shared differential metabolites,
and the y-axis represents the log2FC values of metabolite levels. * indicates significance, color-coded
by group.

Next, we compared the metabolites in the samples of both groups to identify com-
monalities in AML metabolic changes in humans and mice. As shown in Figure 3C,D,
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significantly increased levels of Carnosine, Glucosamine 6-phosphate, Glucose 6-phosphate,
and L-Carnitine were observed in the differential metabolites of both mice and human
populations in the AML group (Figure S3). This suggests that AML has a certain degree of
consistency about metabolism in humans and mice. Notably, Carnosine increased in both
human serum and plasma, and mice serum. Through validation in humans and animals,
we successfully identified Carnosine as the key metabolite.

3.2. Alterations in Diversity, Composition, and Functionality of Gut Microbiota in AML Mice
3.2.1. Satisfactory Sequencing Depth and Coverage in Amplicon Sequencing

After amplicon sequencing of mouse fecal samples, a total of 297,507 and 310,818 raw
sequences were obtained for the control and AML groups, respectively, with an average
sequence length of 464 bp, which is close to the length of V3–V4 region sequences. After
data optimization and removal of noise, a total of 297,465 and 310,773 clean sequences were
obtained. The number of sequences, base pairs, and average sequence length before and
after optimization for each sample are shown in Table S1. There was no statistically signifi-
cant difference in the number of sequences between the two groups (p > 0.05) (Figure 4A,B).
Based on 97% nucleotide sequence similarity, a total of 742 high-abundance operational
taxonomic units (OTUs) were identified (control = 711, AML = 738), with 707 shared OTUs
between the control and AML groups (Figure 4C).
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Figure 4. Sequencing depth and coverage of gut microbiota amplicon sequencing. (A,B) Box plots
of raw and clean sequence reads in AML and control groups. The black dots represent outliers.
(C) Venn diagram showing the number of OTUs after clustering the sequencing data in AML and
control groups. (D) Accumulated species abundance curve, with the x-axis representing the number
of randomly sampled samples and the y-axis representing the Sobs index at the OTU level after
clustering. The black dots represent outliers.

To demonstrate that the sequencing depth and richness of all samples reached a
satisfactory level, species accumulation curves were generated by resampling and counting
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the clustered OTUs. The species accumulation curves showed that the number of discovered
species gradually approached a plateau as the number of sampled sequences increased
(Figure 4D), indicating that the sequencing sample size was reasonable and that a larger
sample size would only yield a small number of new species. Therefore, the sequencing
sample size was sufficiently large to reflect the majority of microbial species composition in
the gut.

3.2.2. Stable Gut Microbiota Diversity but Decreased Firmicutes Abundance in AML

To further assess the richness and evenness of the gut microbiota community, we
calculated multiple indices. The results showed no significant differences in the five
diversity indices between the two groups (p > 0.05, Figure 5A), indicating that there was
no significant difference in α diversity between the two groups. However, the standard
deviation and range of diversity indices in the AML group (Table S2) were larger than those
in the control group, suggesting that the diversity indices of samples in the AML group
were more dispersed and had greater variation. For β diversity, we used the Weighted
UniFrac distance algorithm to construct a hierarchical clustering tree to visually display the
distance between sample branches (Figure 5B). The samples from both groups clustered
well, indicating high within-group similarity and low between-group similarity.
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Figure 5. Analysis of gut microbiota diversity, composition, and differences in mice. (A) Box plots
of α-diversity indices, including Sobs index, Chao1 index, Shannon index, Simpson index, and PD
index, comparing AML group and control group. t-Test was used to determine the significance of
differences between groups, and no significant differences were observed among the indices. The
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black dots represent outliers. (B) Circular dendrogram of hierarchical clustering of samples, with
shorter branches indicating higher similarity in species composition. The red color represents the
AML group, while the blue color represents the control group. (C) Taxonomic-group-sample circle
plot at the phylum level. The left side of the outer circle represents taxonomic groups, while the
right side represents sample groups. The length of the arcs represents the relative proportions. The
inner circle shows the group proportions of taxonomic groups and the taxonomic group proportions
of sample groups, connected by colored ribbons. (D) Volcano plot of microbial community at the
family level. The y-axis represents the negative logarithm (base 10) of p-values obtained from DESeq2
analysis, while the x-axis represents the logarithm (base 2) of the fold change. Each point represents a
specific type of microorganism, with red indicating increased abundance in AML and green indicating
decreased abundance in AML.

To investigate the changes in gut microbiota composition under AML conditions,
we used a taxon sample circle plot (Figure 5C) and a hierarchical sample circle plot
(Figures S4 and S5) to illustrate the gut microbiota composition and its relationship with
samples at different taxonomic levels. At the phylum level, the dominant taxa in the
AML group were Firmicutes (54%) and Bacteroidetes (35%), while in the control group, the
dominant taxa were Firmicutes (71%) and Bacteroidales (19%). The proportion of Firmicutes
and Bacteroidales in the AML group decreased compared to the control group. The changes
in dominant taxa at different taxonomic levels were mainly characterized by a decrease in
the abundance of Firmicutes and its corresponding taxonomic levels, as well as an increase
in the abundance of Bacteroidetes and its corresponding taxonomic levels.

To further analyze the differences in species abundance between the two groups,
identify significantly different species, and examine the consistency of these differences,
we conducted a DESeq2 analysis on the microbial community at the family level. The
analysis revealed significant differences in abundance between the AML group and the
control group for certain microbial taxa. Using a significance threshold of p < 0.05 and a fold
change > 2 or fold change < −2, we identified 12 differentially abundant taxa. Specifically,
Bacteroidaceae, Marinifilaceae, Bacteroidales_uncultured, and Rikenellaceae showed increased
abundance in the AML group, while Atopobiaceae, Campylobacteraceae, Coriobacteriales Incertae
Sedis, Peptococcaceae, Erysipelotrichaceae, WCHB1-41_Other, Eggerthellaceae, and Pasteurellaceae
showed decreased abundance in the AML group.

3.2.3. Functional Analysis of Gut Microbiota Suggests Consistent Metabolic Changes with
the Host

Using PICRUSt2 based on the IMG microbiome genome database, gene prediction
was performed on the 16S sequencing results. The predicted results were then annotated
using the MetaCyc database to obtain functional predictions for the 16S rRNA amplicon
sequencing. After annotating all metabolic pathways, differences in pathway functionality
between groups were analyzed using Welch’s t-test and a fold change analysis, as shown in
Figure S6. The PCA plot (Figure S6A) demonstrated that when using predicted pathway
abundances for dimension reduction, the separation between the first and second principal
components of the two groups was more pronounced compared to using OTU abundances.
This indicates that there are differences in bacterial genome composition and metabolic
functionality among different taxa, and these differences are better manifested at the
functional level than at the species level.

The predicted analysis using PICRUSt2 revealed that the 16S rRNA gene sequences of
bacteria in the samples corresponded to a total of 330 metabolic pathways. The statistical
analysis identified 11 significantly different metabolic pathways (Figure S6B) between the
two groups. Overall, these differential metabolisms involve various aspects of metabolism,
including amino acid metabolism, vitamin metabolism, and carbohydrate and polysaccha-
ride metabolism. These metabolic changes in the microbial communities are somewhat
consistent with the host’s metabolism.
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3.3. Peptococcaceae and Campylobacteraceae were Key Families Related to Carnosine Metabolism

To further investigate the role of gut microbiota in AML-related metabolic changes, we
first utilized the MetOrigin website to identify the sources of detected metabolites in mouse
samples. The results revealed that out of all the detected metabolites, 7 were independently
metabolized by the host, 14 were independently metabolized by the microbiota, and 102
were co-metabolized by both the host and the microbiota (Figure S7). These findings
clearly demonstrated the significant role of gut microbiota in host metabolism, although
the underlying correlations require further investigation.

In order to gain a deeper understanding of the association between gut microbiota
and metabolites in mice, we conducted a Spearman correlation analysis to determine
the correlation coefficients between differentially abundant microbial taxa at the family
level and differentially abundant metabolites across various sample types. Based on
the pathway associations between metabolites, we constructed a metabolite–microbiota
network, as shown in Figure 6. It is worth noting that there was a significant negative
correlation between serum Carnosine levels and the abundance of Peptococcaceae and
Campylobacteraceae, and in the AML group, Carnosine levels increased while the abundance
of these two gut microbial taxa decreased compared to the control group. In fecal samples,
there was a significant positive correlation between Indole levels and the abundance of
Coriobacteriales Incertae Sedis and Atopobiaceae, and in the AML group, both Indole levels
and the abundance of these two microbial taxa decreased. These relationships might play
an important role in maintaining the homeostasis of the mouse gut microbiota.
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Figure 6. Association between differential metabolites and microbial communities. Network diagram
shows the association between differential metabolites and differential microbial communities in mice.
Squares represent microbial communities, circles represent metabolites, and the color of the circles
represents the source of the differential metabolites. The lines connecting microbial communities and
metabolites represent their correlation, with red indicating positive correlation and green indicating
negative correlation. Upward arrows indicate an increase in the level of metabolites or microbial
communities in the AML group, while downward arrows indicate a decrease.

4. Discussion

The metabolic profile of various tissues in an organism reflects its activity processes
and outcomes, providing valuable information. Given the significant impact of the gut
microbiota on host health and their ability to produce metabolites through their large
genome [25,26], it is crucial to investigate changes in host metabolism and gut microbiota
composition, as well as their interrelationships with host diseases. AML is a malignant
disease with poor outcomes, and current treatment methods still require significant im-
provements to encompass a broader range of patients [27]. With the continuous advance-
ment of science, technology, and the field of medicine, there is an increasing focus on the
prevention and intervention of such serious diseases. This study utilized metabolomics
and microbiome sequencing to uncover key host metabolism and gut microbiota in AML.
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The metabolic profiles of serum and feces in mice are indicative of the metabolism of
the host and gut microbiota, respectively. Significant differences in the serum and fecal
metabolomes were observed between the AML group and control group of mice, and
the PLS-DA model successfully distinguished between the two sample groups. These
findings suggested a potential link between AML and alterations in both host and gut
microbiota metabolism. Furthermore, our cross-species comparisons have revealed that
AML also affects human blood metabolism, exhibiting similarities to the metabolic changes
observed in mice. Notably, AML-related metabolic changes primarily involved amino acid
metabolism and glucose metabolism.

In terms of amino acid metabolism, we observed a significant increase in Carnosine
levels in the blood of AML mice and patients with AML. Carnosine is a dipeptide com-
posed of β-alanine and Histidine. A study that constructed a cancer cachexia diagnostic
model through metabolomics demonstrated that Carnosine, as a potential biomarker, was
increased in cachexia patients [28]. Additionally, elevated levels of fecal L-Histidine, a
downstream metabolite of Carnosine, were also observed in AML mice. In the Celastrol re-
versal model, a decrease in fecal L-Histidine levels with the dose was found. These findings
suggested that the Carnosine–Histidine metabolism pathway might have a potential role
in the occurrence and development of AML. Furthermore, L-Histidine serves as a donor
of one-carbon (1C) units, which cancer cells could utilize for nucleotide synthesis, methy-
lation modifications, and the generation of reducing cofactors. Upregulation of 1C-unit
metabolism might provide metabolic flexibility to cancer cells, allowing them to sustain
proliferation under stress conditions [29]. However, the levels of L-Histidine returned to
control group levels under the reversal effect of Celastrol. Therefore, L-Histidine might
play a role as a pro-cancer factor in AML. Moreover, an analysis of AML-related metabolic
genes in the population had also shown that amino acid metabolism, including Histidine,
was more active in the high-risk subgroup [30]. This is consistent with our study, indicating
that changes in amino acid metabolism, represented by the Carnosine–Histidine–1C-unit
pathway, might play a crucial role in AML.

Our research findings suggested that the majority of metabolites detected in the mouse
samples were produced through the combined metabolism of the host and the microbiota
(Figure S7). We specifically focused on metabolites and microbiota associated with the AML
disease state, as there is a close relationship between them. Through a correlation analysis,
we observed a significant negative correlation between the key metabolite Carnosine
mentioned earlier and the families Peptococcaceae and Campylobacteraceae. The abundance
of these two gut microbial taxa decreased compared to the control group. Peptococcaceae
and Campylobacteraceae are also the common bacteria shared by gut microbiota of mice and
humans [31,32]. The family Pedococaceae is classified under the phylum Firmicutes, which
was found to exhibit a decreasing trend in the gut (Figure 5). Consistent with our findings,
previous population studies had also reported a decrease in the abundance of Firmicutes
in the gut of patients with AML [33]. Many bacteria belonging to the phylum Firmicutes,
which have the potential to act as probiotics [34], and playing a role in alleviating intestinal
inflammation and combating specific microorganisms, were significantly reduced in the
AML group. Another bacterium, Campylobacteraceae, which was related to Carnosine and
exhibited decreased abundance, belongs to the phylum Epsilonbacteraeota and is derived
from the former class ε-Proteobacteria [35]. It is a native bacterium in the human gut. The
microbiota that reside in the human gut for an extended period and coexist with the host
play a role in maintaining the stability of the gut microbiome.

Our analysis also revealed a decrease in Coriobacteriales Incertae Sedis and Atopobiaceae,
which belong to Actinobacteria, a Gram-positive bacterium, and its associated amino acid
metabolite Indole. Indole, a tryptophan degradation product of bacteria, exhibits various
biological activities in the human body, including the regulation of the immune system [36],
inhibition of inflammation [37], and modulation of tumor cell growth and apoptosis.
We observed a significant decrease in Indole levels in mouse feces. The reduction in
indole levels might weaken immune surveillance ability, rendering leukemia cells more
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susceptible to evading the immune system’s attack. Additionally, decreased Indole levels
might exacerbate intestinal inflammation, thereby accelerating the development of AML.

In terms of metabolism, we observed an increase in the concentrations of Glucose
6-phosphate and Glucosamine 6-phosphate in both human and mice models. Glucose
6-phosphate is a primary product of glycolysis and antioxidant pathways, and its elevation
might reflect enhanced activity of the glycolytic pathway to generate more ATP to meet the
energy demands of cancer cells. Additionally, Glucose 6-phosphate could participate in
the pentose phosphate pathway to produce NADPH, which is an important component in
maintaining the reducing capacity of glutathione and involved in scavenging free radicals
and inhibiting lipid peroxidation to counteract the oxidative environment of cancer cells.
Glucosamine 6-phosphate is an intermediate product in the metabolism of amino sugars. Its
synthesis is the initial step in the hexosamine biosynthetic pathway (HBP). The final product
of this pathway is UDP-GlcNAc, which plays a role in the post-translational modification
of intracellular proteins involved in regulating nutrient sensing and stress response [38].
UDP-GlcNAc is the donor sugar for O-GlcNAcylation, and studies had shown that in-
creased O-GlcNAcylation could promote the progression of hepatocellular carcinoma [39].
In addition, the synthesis enzyme of Glucosamine 6-phosphate, Glucosamine-6-phosphate
synthetase, is also considered a potential carcinofetal marker [40] and a promising target
for antimicrobial and antidiabetic drugs [41]. Therefore, the alterations in AML glucose
metabolism primarily manifest as enhanced glycolysis, antioxidant activity, and glyco-
sylation modifications. These changes confer protective and promotive effects on cancer
cells, enhancing their metastasis and dissemination. These alterations serve as potential
preventive and therapeutic targets.

5. Conclusions

This study investigated alterations in the levels of multiple metabolites in human and
mouse tissue samples under conditions of AML. Through cross-species validation in mice and
humans, as well as reversal validation using Celastrol, we identified the potential involvement
of the Carnosine–Histidine metabolic pathway in the development and progression of AML.
Importantly, the key metabolite Carnosine might be affected by the gut microbiota including
families Peptococcaceae and Campylobacteraceae. These findings provide a deeper understanding
of AML from the perspective of metabolite–gut-microbiota interactions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics12010014/s1, Figure S1: Bar graph of mouse body weight
during grouping, p > 0.05. Figure S2: Differential metabolite heatmap in mouse samples. Figure
S3: Differential metabolite heatmap in human samples. Figure S4: Hierarchical sample circle plot
of gut microbiota in AML group mice; Figure S5: Hierarchical sample circle plot of gut microbiota
in control group mice; Figure S6: Picrust2 analysis results of mouse gut microbiota. (A) PCA score
plots of predicted pathway abundance. The top left plot shows the first principal component (PC1)
and the second principal component (PC2), the top right plot shows PC2 and the third principal
component (PC3), and the bottom left plot shows PC1 and PC3. Each point represents a sample,
color-coded by group. (B) Extended error bar plots of pathway, showing only items with p-value
< 0.05 and fold change > 2, color-coded by group. Figure S7: Bar chart showing the sources of all
detected metabolites in the mouse samples; Table S1: Quality information for amplified sub-sequence
raw data and clean data; Table S2: Comparison of five alpha-diversity indices between AML group
and control group.
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Abstract: (1) Background: Various factors, such as oxidative stress, mitochondrial dysfunction,
tumors, inflammation, trauma, immune disorders, and neuronal toxicity, can cause nerve damage.
Chemical nerve injury, which results from exposure to toxic chemicals, has garnered increasing
research attention. The thioredoxin (Trx) system, comprising Trx, Trx reductase, nicotinamide
adenine dinucleotide phosphate, and Trx-interacting protein (TXNIP; endogenous Trx inhibitor),
helps maintain redox homeostasis in the central nervous system. The dysregulation of this system can
cause dementia, cognitive impairment, nerve conduction disorders, movement disorders, and other
neurological disorders. Thus, maintaining Trx system homeostasis is crucial for preventing or treating
nerve damage. (2) Objective: In this review study, we explored factors influencing the homeostasis of
the Trx system and the involvement of its homeostatic imbalance in chemical nerve injury. In addition,
we investigated the therapeutic potential of the Trx system-targeting active substances against
chemical nerve injury. (3) Conclusions: Chemicals such as morphine, metals, and methylglyoxal
interfere with the activity of TXNIP, Trx, and Trx reductase, disrupting Trx system homeostasis by
affecting the phosphatidylinositol-3-kinase/protein kinase B, extracellular signal-regulated kinase,
and apoptotic signaling-regulated kinase 1/p38 mitogen-activated protein kinase pathways, thereby
leading to neurological disorders. Active substances such as resveratrol and lysergic acid sulfide
mitigate the symptoms of chemical nerve injury by regulating the Ras/Raf1/extracellular signal-
regulated kinase pathway and the miR-146a-5p/TXNIP axis. This study may guide the development
of Trx-targeting modulators for treating neurological disorders and chemical nerve injuries.
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1. Introduction

Nerve damage results from the disruption of nerve structure integrity and the subse-
quent impairment of nerve function. Tumors, inflammation, trauma, and immune disorders
can damage the nervous system, leading to dementia, cognitive impairment, nerve con-
duction disorder, movement disorder, and nutritional disorder in the damaged area. In
addition, nerve damage—central or peripheral—can lead to various disorders such as
Parkinson’s disease (PD), diabetic peripheral neuropathy (DPN), Alzheimer’s disease (AD),
and autism spectrum disorder [1]. This shows that nerve damage iswidespread. As per the
2015 Global Disease Study, neurological disorders are the second leading cause of mortality,
accounting for 16.8% of all deaths worldwide. Over the past 25 years, a 36% increase has
been noted in the rate of mortality from neurological disorders [2].

Chemical nerve injury refers to toxic chemical-induced nerve damage. Exposure—through
contact, inhalation, accidental ingestion, or environmental exposure to severe pollution—to
these chemicals (e.g., metals) damages the nervous system (in both humans and animals)
by disrupting normal nerve conduction. Owing to the ubiquity of chemical substances,
particularly neurotoxic chemicals, increasing research attention has been paid to chemical
nerve injury.
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Recent evidence implicates the Trx system in the maintenance of redox homeostasis
in the central and peripheral nervous systems, while its results are altered in PD [3],
DPN [4], and AD [5]. Genetic and environmental factors (nutrition, metals, and toxins) are
known to impact the function of the Trx system, thereby contributing to neuropsychiatric
disease [6]. Chemicals such as morphine, metals, and methylglyoxal can disrupt the
homeostasis of the Trx system, resulting in nerve damage. Timely regulation of the Trx
system can prevent chemical nerve injury. Therefore, the concept of targeting this system
for treating nerve damage has gained increased attention in the research community. Thus,
we conducted this review to identify the factors influencing the homeostasis of the Trx
system, assess the involvement of its homeostatic imbalance in chemical nerve injury,
and investigate the therapeutic potential of Trx system-targeting active substances against
chemical nerve injury.

2. Trx System

The Trx system primarily comprises different isoforms of Trx and Trx-like proteins,
isoforms of Trx reductase (TrxR), nicotinamide adenine dinucleotide phosphate (NADPH;
reduced coenzyme II or triphosphopyridine nucleotide), and several Trx-interacting pro-
teins, including TXNIP and apoptotic signaling-regulated kinase 1 (ASK1). This system is a
widely distributed in vivo NADPH-dependent disulfide reductase system. It is a major de-
fense mechanism against oxidative stress and apoptosis. Enhanced TrxR activity alleviates
intracellular oxidative stress and protects cellular functions [7], thereby maintaining redox
homeostasis in the central nervous system. Under oxidative stress and in inflammatory
conditions, nerve cells release Trx into the extracellular compartment, where Trx exerts
cytoprotective effects [8]. TXNIP binds Trx within the cell. Notably, elevated levels of
TXNIP result in the direct inhibition of Trx expression.

2.1. Trx

Trx is an oxidoreductase essential for oxidized proteins to recover to their reduced
active form. It possesses antioxidative, pro-cell growth, protein-binding, and antiapop-
totic properties. To date, Trx has been described as a cytokine for which many cell-
activating effects have been observed in the micromolar range and whose cellular effects
require adjuvants for activation [9]. Trx was first isolated from Escherichia coli in 1964
by Laurent et al. [10]. With technological advancements, Trx has been detected in many
prokaryotic and eukaryotic organisms. In mammalian cells, it is categorized into Trx1, Trx2,
and Trx3 (specific to spermatogonial cells). Trx1 is found in the cytoplasm and nucleus,
whereas Trx2 is found exclusively in the mitochondria. Trx1 and Trx2 are the predomi-
nant isoforms of Trx in humans. Both isoforms feature two cysteines in their active sites.
However, only Trx1 has three additional cysteine residues at the carboxyl terminus; these
residues (-Cys62-Cys69-Cys73-) are involved in protein nitrosylation. By contrast, Trx2 has
an additional 60-amino acid sequence at the amino terminus; this signal guides the transfer
of Trx2 to the mitochondria (Figure 1) [11]. The active center of Trx (-Cys32-Gly-Pro-Cys35-)
is responsible for its antioxidative properties. Any alteration in this sequence leads to con-
formational changes in Trx, destabilizes this biomolecule, and interferes with its reducing
ability [12].

Trx dysfunction has been implicated in various diseases, including cancer, neurodegen-
erative disorders, and cardiovascular disease. Intravenous injection or overexpression of
Trx protects against ischemic stroke injury and extends lifespan [13]. Mice overexpressing
Trx exhibit reduced susceptibility to ischemia-induced brain injury. Trx regulates nerve
growth factor-mediated signaling and PC12 cell growth. Consistent with this observation,
Trx protects neurons (SH-SY5Y and PC12 cells) against the severe oxidative stress and injury
induced by the PD-associated neurotoxin 1-methyl-4-phenylpyridinium ion (MPP+) [14].
Tumors exhibit elevated expression levels of Trx1. Trx1 expression is upregulated in the
intestines of patients with bowel cancer. Notably, a higher expression level of Trx1 is associ-
ated with a poorer prognosis [15]. In mice lacking Trx1, a reduction was noted in the level of
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the Trx1–ASK1 complex in the cytoplasm, but an increase was observed in the level of ASK1
phosphorylation. These findings suggest that Trx1 knockout promotes apoptosis. Mice lack-
ing mitochondrial Trx2 exhibit markedly reduced mitochondrial adenosine triphosphate
(ATP) production, diminished electron transfer chain activity, enhanced mitochondrial
apoptosis, increased reactive oxygen species (ROS) production and oxidative damage, and
elevated sensitivity to apoptosis [16]. Trx is essential for mammalian development; the
absence of Trx1 or Trx2 proves lethal to mouse embryos [17].
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Figure 1. Structure of Trx. The active center of Trx is “-Cys32-Gly-Pro-Cys35-”. Trx1 has 3 additional
cysteine residues at the carboxyl terminus; Trx2 has an additional 60-amino acid sequence at the
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2.2. TrxR

TrxR, a major functional component of the Trx system, converts the conversion of
oxidized Trx or Trx-S2 to reduced Trx or Trx-(SH)2 by using electrons from NADPH
(Figure 2) [18]. Mammalian TrxR contains a selenocysteine residue in the C-terminal
active site; however, low-molecular-weight prokaryotic TrxR lacks this residue. Owing to
this specific nature of selenocysteine, mammalian TrxR has a distinct catalytic mechanism
and a broad substrate spectrum, unlike prokaryotic TrxR. Selenocysteine is susceptible to
attacks by electrophilic compounds such as 1-chloro-2,4-dinitrobenzene. In an electrophilic
attack, the selenocysteine residue of mammalian TrxR alkylates with neighboring cysteine
residues, which inhibits TrxR activity, and TrxR is subsequently converted into NADPH
oxidase [19]. Three isoforms of TrxR can be found in the human body: TrxR1 in the cyto-
plasm and nucleus, TrxR2 in the mitochondria, and TrxR3 in the testicular tissue [20]. In a
relevant animal study, TrxR activity persisted in the rat brain under severe selenium defi-
ciency conditions; this observation highlights the importance of TrxR in brain function [21].

Toxics 2024, 12, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 2. Trx system. TrxR converts the conversion of oxidized Trx or Trx-S2 to reduced Trx or Trx-
(SH)2 by using electrons from NADPH. Trx: thioredoxin; TrxR: Trx reductase; NADPH: nicotina-
mide adenine dinucleotide phosphate. 

TrxR is integral to various cellular functions. It participates in all signaling pathways 
where Trx serves as a reducing agent. Mutations or deletions in the TrxR gene have been 
implicated in many neurological disorders. The expression of Trx and TrxR was found to 
be downregulated in the substantia nigra of a mouse model of PD and the brain tissues of 
deceased patients with PD. Neuronal expression of this selenoprotein is essential for the 
development of interneurons, which prevent seizures in addition to playing other roles 
[22]. TrxR is also essential for growth and development; mouse embryos lacking TrxR1 
and TrxR2 exhibit abnormal growth and embryonic death on gestational days 8 and 13 
[23]. TrxR reduces ribonucleotides to deoxyribonucleotides and contributes to DNA re-
pair [24]. Furthermore, TrxR-dependent pathways maintain redox homeostasis in human-
induced pluripotent stem cells and their differentiated progeny cells under varying levels 
of oxidative stress. Inhibition of TrxR under a low oxidative load strongly affects oxidative 
stress resistance [25]. 

2.3. NADPH 
NADPH has been described as the universal currency for anabolic reduction reac-

tions [26]. Through electron transfer, NADPH facilitates the TrxR-mediated reduction of 
Trx-S2 into Trx-(SH)2 (Figure 2). In some cases, NADPH contributes to oxidative stress by 
transferring electrons to molecular oxygen via the NADPH enzyme. Overstimulation of 
NADPH may lead to the overproduction of ROS [27]. 

2.4. TXNIP 
TXNIP, a regulator of oxidative stress, is involved in cell proliferation, differentiation, 

and apoptosis. This protein is expressed in both the cytoplasm and mitochondria. It is the 
sole endogenous Trx-binding protein inhibiting Trx activity, thereby inducing oxidative 
stress and causing neurological disorders (e.g., dementia and cognitive deficit) [28]. 
TXNIP expression is upregulated in neurodegenerative disorders (e.g., AD) and cerebro-
vascular diseases (e.g., stroke) [5]. TXNIP overexpression has been observed in the hippo-
campus of transgenic mice with familial AD. The inhibition of TXNIP expression reduces 
the hippocampal levels of inflammatory factors such as interleukin-1β [29]. Under oxida-
tive stress conditions, TXNIP dissociates from the TXNIP–Trx complex and binds to the 
nucleotide-binding domain, leucine-rich-containing family, and pyrin domain-contain-
ing-3 (NLRP3) inflammasome. This binding activates the NLRP3 inflammasome, activat-
ing caspase-1, which contributes to oxidative stress and leads to apoptosis and inflamma-
tion (Figure 3) [30]. 

Figure 2. Trx system. TrxR converts the conversion of oxidized Trx or Trx-S2 to reduced Trx or Trx-
(SH)2 by using electrons from NADPH. Trx: thioredoxin; TrxR: Trx reductase; NADPH: nicotinamide
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TrxR is integral to various cellular functions. It participates in all signaling pathways
where Trx serves as a reducing agent. Mutations or deletions in the TrxR gene have been

184



Toxics 2024, 12, 510

implicated in many neurological disorders. The expression of Trx and TrxR was found to
be downregulated in the substantia nigra of a mouse model of PD and the brain tissues
of deceased patients with PD. Neuronal expression of this selenoprotein is essential for
the development of interneurons, which prevent seizures in addition to playing other
roles [22]. TrxR is also essential for growth and development; mouse embryos lacking
TrxR1 and TrxR2 exhibit abnormal growth and embryonic death on gestational days 8
and 13 [23]. TrxR reduces ribonucleotides to deoxyribonucleotides and contributes to
DNA repair [24]. Furthermore, TrxR-dependent pathways maintain redox homeostasis in
human-induced pluripotent stem cells and their differentiated progeny cells under varying
levels of oxidative stress. Inhibition of TrxR under a low oxidative load strongly affects
oxidative stress resistance [25].

2.3. NADPH

NADPH has been described as the universal currency for anabolic reduction reactions [26].
Through electron transfer, NADPH facilitates the TrxR-mediated reduction of Trx-S2 into
Trx-(SH)2 (Figure 2). In some cases, NADPH contributes to oxidative stress by transferring
electrons to molecular oxygen via the NADPH enzyme. Overstimulation of NADPH may
lead to the overproduction of ROS [27].

2.4. TXNIP

TXNIP, a regulator of oxidative stress, is involved in cell proliferation, differentiation,
and apoptosis. This protein is expressed in both the cytoplasm and mitochondria. It is the
sole endogenous Trx-binding protein inhibiting Trx activity, thereby inducing oxidative
stress and causing neurological disorders (e.g., dementia and cognitive deficit) [28]. TXNIP
expression is upregulated in neurodegenerative disorders (e.g., AD) and cerebrovascular
diseases (e.g., stroke) [5]. TXNIP overexpression has been observed in the hippocampus
of transgenic mice with familial AD. The inhibition of TXNIP expression reduces the
hippocampal levels of inflammatory factors such as interleukin-1β [29]. Under oxida-
tive stress conditions, TXNIP dissociates from the TXNIP–Trx complex and binds to the
nucleotide-binding domain, leucine-rich-containing family, and pyrin domain-containing-3
(NLRP3) inflammasome. This binding activates the NLRP3 inflammasome, activating
caspase-1, which contributes to oxidative stress and leads to apoptosis and inflammation
(Figure 3) [30].
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tion of Trx. The nerve growth factor induces the expression of Trx1 through the extracel-
lular signal-regulated kinase (ERK) and cyclic adenosine monophosphate-responsive ele-
ment (CRE)/CREB pathways. Trx1, an essential element of the Trx promoter, is a down-
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nitrous oxide) inhibit TrxR, inhibit Trx reduction, or directly cause TXNIP to enter mitochondria.
In the cytoplasm, TrxR cannot reduce Trx1, and TXNIP dissociates from the Trx1-TXNIP complex,
causing cellular oxidative stress. Moreover, ASK1 separates from the Trx-ASK1 complex, resulting
in apoptosis. In mitochondria, TXNIP dissociates from the Trx2-TXNIP complex and binds to
NLRP3, releasing caspase-1 and -12 to cause apoptosis. At the same time, NF-κB undergoes nuclear
translocation, releases inflammatory factors (TNF-α, IL-1 β, IL-6), activates p38, and ultimately causes
apoptosis. The TXNIP-NLRP3 complex in mitochondria induces oxidative stress. ASK1 then separates
from the Trx2-ASK1 complex, activating p38 and triggering apoptosis. Morphine phosphorylates
ERK and Akt, activating the Trx1/CREB pathway, causing morphine addiction. Trx: thioredoxin;
TrxR: Trx reductase; TXNIP: Trx-interacting protein; NLRP3: pyrin domain-containing-3; NF-κB:
nuclear transcription factor-κB; ASK1: apoptotic signaling-regulated kinase 1; ERK: extracellular
signal-regulated kinase; Akt: protein kinase B; CREB: cyclic adenosine monophosphate-responsive
element-binding protein; TNF-α: tumor necrosis factor-α; IL-6: interleukin-6; IL-1β: interleukin-1β;
ROS: reactive oxygen species.

3. Chemicals Damaging Nerves by Disrupting Trx System Homeostasis
3.1. Chemicals Damaging Nerves through Abnormal Trx Expression
3.1.1. Morphine-Induced Overexpression of Trx Causes Nerve Damage

Opioids, such as morphine, are the most effective analgesics for the clinical treatment
of chronic pain. However, their clinical use induces various side effects, including increased
susceptibility to respiratory depression, withdrawal syndrome, and reward effects inherent
to opioid use. Moreover, opioids do not eliminate the risk of relapse. Dopaminergic neurons
in brain regions such as the ventral tegmental area (VTA), nucleus accumbens (NAc), and
hippocampus have been implicated in morphine addiction, which interferes with the long-
term plasticity of the brain [31]. Luo et al. [32] demonstrated that after treatment of SH-SY5Y
cells with 10 µM of morphine for 24 h, Western blot showed elevated levels of Trx1. Mor-
phine induced the expression of Trx1 in SH-SY5Y cells by activating opioid receptors; this
induction resulted in hypermotility, reward effects, and withdrawal syndrome. The nerve
growth factor triggers the binding of cyclic adenosine monophosphate (cAMP)-responsive
element-binding protein (CREB) to the cAMP-responsive element of the Trx promoter and
subsequently mediates the nuclear translocation of Trx. The nerve growth factor induces
the expression of Trx1 through the extracellular signal-regulated kinase (ERK) and cyclic
adenosine monophosphate-responsive element (CRE)/CREB pathways. Trx1, an essential
element of the Trx promoter, is a downstream target of the phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (Akt) and ERK pathways. Morphine treatment increases the levels
of Akt and ERK phosphorylation by inducing the translocation of Trx1 from the cytoplasm
to the nucleus; consequently, the nuclear level of Trx1 is increased. By contrast, PI3K and
ERK inhibitors reduce the level of Trx1. When SH-SY5Y cells were treated with a PI3K
inhibitor (LY294002) or an ERK inhibitor (PD98059) for 30 min and then co-cultured with
10 µM morphine for 24 h, a morphine-induced increase in Trx1 expression was inhibited.
In the nucleus, Trx1 promotes gene transcription by enhancing the interactions of nuclear
transcription factor-κB (NF-κB) and CREB with DNA or coactivators (Figure 3). Evidence
suggests that NF-κB and CREB play key roles in morphine addiction [33]. Therefore, Trx1
overexpression mediates morphine addiction. Long-term morphine addiction can directly
inhibit the respiratory center and affect the central nervous system, causing cerebral is-
chemia and hypoxia [34]. Morphine addiction can induce compulsive drug-taking behavior
and high rates of relapse. When withdrawing from morphine, there are withdrawal reac-
tions such as severe anxiety and depression. Opioid receptor antagonists are commonly
used to induce morphine withdrawal [35,36].

3.1.2. Methamphetamine-Induced Inhibition of Trx Expression Causes Nerve Damage

Methamphetamine, a common psychostimulant, belongs to the family of phenyliso-
propylamine drugs. The misuse of methamphetamine can lead to oxidative stress, dopamine
neuron toxicity, and neurological impairment. Prolonged methamphetamine abuse in-
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creases the risk of PD [37]. Yang et al. [38] revealed that methamphetamine induces apop-
tosis and autophagy in dopaminergic neurons through the endoplasmic reticulum stress
pathway mediated by CCAAT/enhancer-binding protein homologous protein (CHOP).
Methamphetamine exposure increases glutamatergic transmission (N-methyl-D-aspartate
receptor subunit 2B and glutamate) and autophagy in mice, induces endoplasmic reticulum
stress, upregulates the expression of CHOP, glucose-regulated protein 78 antigen, and B-cell
lymphoma-2 (Bcl-2)-associated X protein (Bax; proapoptotic factor) in the VTA and NAc,
and downregulates the expression of Bcl-2 (antiapoptotic factor) and caspase-12. Further-
more, methamphetamine exposure leads to a marked reduction in the expression level
of Trx1 in the VTA and NAc of mice after intraperitoneal injection of methamphetamine
(2.5 mg/kg) for 8 days. Similarly, this is caused by increased glutamatergic transmission in
VTA and NAc by methamphetamine exposure, through activation of the CHOP-mediated
endoplasmic reticulum stress signaling pathway and mitochondrial apoptosis, resulting in
brain damage, rewarding effects, and central nervous system injury. Overexpression of Trx1
using transgenic technology can inhibit the methamphetamine-induced increase in gluta-
matergic transmission and can reduce endoplasmic reticulum stress, thereby mitigating
methamphetamine-induced nerve damage.

3.2. Chemicals Damaging Nerves through the Inhibition of TrxR Activity
3.2.1. Methylglyoxal Inhibits TrxR-Induced Nerve Damage

Methylglyoxal, a metabolite found in many organisms, spontaneously reacts with
biopolymers, which are rearranged to form stable advanced glycosylation end products.
These end products are involved in the development of aging-related diseases such as
neurodegenerative disorders, cancer, and diabetes mellitus (DM) [39].

The neuronal cell line HT22 serves as an excellent model for studying neurodegener-
ative disorders. Dafre et al. [40] observed increased glycosylation, inactivation of TrxR1
in the nucleus and cytoplasm, and inhibition of Trx1 expression in methylglyoxal-treated
HT22 cells. The content of Trx1 in HT22 cells was decreased after treatment with 0.75 mM
methylglyoxal for 24 h. Treated with the same concentration for 30 min, the content of
TrxR1 decreased; however, no TrxR1 glycosylation was observed in untreated cells. There
is a direct effect of methylglyoxal on TrxR1, resulting in inactivation. It was also observed
that TrxR2, which is expressed in mitochondria, was reduced by 25% when HT22 cells
were treated with 0.75 mM methylglyoxal for 8 h. These findings suggest that Trx and
TrxR are key targets for the toxic effects of methylglyoxal. Schmitz et al. [41] demonstrated
that the toxic effects of methylglyoxal on hippocampal brain slices and HT22 cells were
exacerbated when TrxR activity was suppressed using 2-acetylamino-3-[4-(2-acetylamino-
2-carboxyethylsulf anylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid
(2-AAPA) and auranofin. Treatment of SH-SY5Y cells with 625 µM methylglyoxal alone for
24 h did not cause cell death, whereas pretreatment of SH-SY5Y cells with either 10 µM
2-AAPA or 0.5 µM auranofin for 30 min, followed by treatment with 625 µM methylglyoxal
for 24 h, resulted in a decrease in cell viability by about 20%. As a result, TrxR inhibition
increases the toxicity of methylglyoxal, exacerbating oxidative stress in nerve cells and
acting in concert with each other. Furthermore, elevated levels of methylglyoxal have
been detected in the plasma of patients with DM; thus, methylglyoxal may be involved
in the onset and progression of DPN [42]. The increased intracellular accumulation of
methylglyoxal reduces the activity and expression of Trx2 in the mitochondria, leading to
the dissociation of Trx2 and ASK1 and the activation of the ASK1/p38 mitogen-activated
protein kinase (MAPK) pathway (Figure 3). These events increase the levels of mitochon-
drial ROS, leading to mitochondrial dysfunction, impaired insulin synthesis and secretion,
and β-cell apoptosis [43].

3.2.2. Metals and Metalloids Inhibit Trx and TrxR, Inducing Nerve Damage

Metal or metal-like ions, such as gold, silver, platinum, mercury, and arsenic, are
typically soft acids. The deprotonated forms of the selenol of Sec in TrxR can function as
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a soft base, exhibiting a high affinity for soft acids. Partial deprotonation of thiols in the
N-terminal Cys-Val-Asn-Val-Gly-Cys (CVNVGC) active site transforms the active site into
a site targeting soft acids. The interactions between soft bases and acids inhibit TrxR activity
and convert Trx-(SH)2 to Trx-S2 (Figure 2), leading to DNA damage, elevated ROS levels, cell
cycle changes, enzyme activity loss, and apoptosis. Compounds of gold—both Au(I) and
Au(III) states—exhibit cytotoxicity. These compounds can selectively inhibit mammalian
TrxR activity, block Trx reduction, oxidize Trx, and generate ROS [44]. Wang et al. [45]
observed that treatment of SH-SY5Y cells with 10 µM cadmium chloride for 12 or 24 h
resulted in a decrease in TrxR1 levels. Cadmium markedly suppresses endogenous TrxR1
expression and enzyme activity in neurons, reduces cell viability, and increases intracellular
ROS levels and apoptosis, thereby impairing the differentiation of adult hippocampal
neurons. These findings suggest that TrxR1 is a key target for cadmium [46]. A recent
study claims that the expression of the TXNIP and NLRP3 proteins was upregulated after
SH-SY5Y cells were treated with 10 µM cadmium chloride for 24 h. Cadmium can also
induce endoplasmic reticulum stress and excess ROS, leading to neuroinflammation [47].

Auranofin, a gold-containing compound, serves as a mitochondrial toxicant. It sub-
stantially increases the severity of mechanical anomalous pain and the level of mechanical
nociceptive sensitization in painful peripheral neuropathy [48]. Yumnamcha et al. [49]
demonstrated that auranofin specifically inhibits TrxR1 and TrxR2, leading to mitochondrial
dysfunction in retinal pigment epithelial cells, mitochondrial autophagy, and inflammatory
pyroptosis. The aforementioned findings suggest that auranofin’s interference with the
Trx/TrxR pathway contributes to cellular oxidative stress, mitochondrial dysfunction, al-
tered mitochondrial autophagy, lysosomal damage, and proinflammatory cell death in reti-
nal neurodegenerative disorders. Therefore, maintaining the homeostasis of the Trx/TrxR
redox system may prevent the progression of various neurodegenerative disorders.

3.3. Chemicals Damaging Nerves through the Activation of TXNIP
3.3.1. Streptozotocin-Induced Activation of TXNIP Causes Nerve Damage

Streptozotocin is a classical compound that induces DM and DPN [50]. Gao et al. [51]
found that the expression of TXNIP is upregulated in the dorsal root ganglion of rats with
streptozotocin-induced DM (55 mg/kg for 3 days). The researchers indicated that TXNIP
binds to Trx and inhibits its function and expression, enhancing NLRP3 inflammasome
activation and inducing caspase-1 activation and inflammatory factor (tumor necrosis
factor-α (TNF-α)) release. These events lead to apoptosis in pancreatic β-cells and abnormal
nerve conduction through the induction of oxidative stress and the inflammatory response,
resulting in DPN [4].

3.3.2. Nitrous Oxide-Induced Activation of TXNIP Causes Nerve Damage

Nitrous oxide (laughing gas) is a colorless, nonirritating compound [52]. Its abuse
has become a global problem. This gas is commonly used to induce anesthesia during
outpatient dental procedures. However, recently, nitrous oxide has become popular among
teenagers, who use it for recreational purposes [53]. Prolonged nitrous oxide abuse causes
neurological damage, leading to myeloneuropathy [54] and motor axonal neuropathy [55].
cAMP is a secondary messenger essential for maintaining neuronal growth and orches-
trating successful axonal regeneration. This compound phosphorylates CREB, which
subsequently upregulates arginase 1 expression, increases polyamine production, and
stimulates axon development. CREB regulates the body’s responses to neurotrophic factors,
such as brain-derived growth factors [56]. Liu et al. [57] demonstrated that nitrous oxide
(70% nitrous oxide, 5% carbon dioxide, and 25% oxygen for 6 h) promotes the release of
inflammatory factors by activating the TXNIP/NLRP3 pathway. This activation results in
the abnormal localization of NF-κB in the nucleus, which leads to the excessive release of
inflammatory factors (TNF-α, interleukin-6 (IL-6), and interleukin-1β (IL-1β)). This cascade
activates p38 MAPK, thereby causing hippocampal neuronal damage (Figure 3).
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4. Regulation of Trx System Homeostasis Mitigates Nerve Damage
4.1. Upregulation of Trx Transcription and Expression Mitigates Nerve Damage
4.1.1. Sulforaphane-Induced Expression of Trx Mitigates Nerve Damage

Sulforaphane, an aliphatic isothiocyanate, exhibits diverse biological activities, includ-
ing antioxidative, anti-inflammatory, antitumor, antiangiogenic, and brain health-protective
activities. Long-term diabetes increases the risk of diabetic retinopathy, in which Trx plays
a key role [58]. Tang et al. [59] found that sulforaphane (0.5 µM for 24 h) upregulates the
expression of Trx1 in the primary hippocampal neuron cells of Tubby mutant mice. In
contrast to treatment with lysergic sulfanilamide alone, 4-week combination treatment
with sulforaphane and PX12—an exogenous inhibitor of Trx1—markedly increases the
rate of apoptosis and upregulates the expression of CHOP, Bax, phosphorylated c-Jun N-
terminal kinase (JNK), and caspase-12. This is accompanied by the downregulation of Bcl-2
expression. Both the endoplasmic reticulum and mitochondria have damage similar to that
observed in diabetic mice. These findings implicate Trx1 in the sulforaphane-mediated
prevention of neuronal apoptosis in diabetic mice.

The Ras/Raf/ERK (MAPK) pathway, which is essential for intra- and extracellular
communication, serves as a central effector in signaling cell differentiation during the
normal growth and development of various tissues. This pathway regulates basic cellular
functions such as cell survival, growth, and differentiation. It is necessary for the survival
and maintenance of many neuronal cell populations [60]. Kong et al. [61] found that the
intracardiac injection of sulforaphane (25 mg/kg for 1 day) had effects on the retinal levels
of Trx in mice after 72 h of light exposure. Sulforaphane decelerates retinal degeneration by
upregulating the expression of nuclear factor erythroid 2-related factor 2 and Trx in retinal
nerves through the activation of the Ras/Raf1/ERK pathway, suppressing the release of
cytochrome C and the activity of calpain I, regulating the rate of apoptosis, and protecting
photoreceptor cells against photodamage. Sulforaphane activates ERK, which, in turn,
induces the transactivation of the Ras and MAPK cascades and upregulates the expression
of Trx, thereby preventing the downregulation of tubule-associated antioxidants and the
death of cells.

4.1.2. N-Acetylcysteine-Induced Expression of Trx Mitigates Nerve Damage

N-acetylcysteine, a synthetic derivative of endogenous L-cysteine, has been used
for the management of neurodegenerative disorders, including spinal cerebellar ataxia,
PD, delayed dyskinesia, and Unverricht–Lundborg-type myoclonic epilepsy. It is also
used as adjunctive therapy for various diseases, such as multiple sclerosis, amyotrophic
lateral sclerosis, and AD [62]. In starved neuronal cells (SH-SY5Y), treatment with 2.5 mM
N-acetylcysteine for 24 h prevents TrxR1 knockout-mediated protein hydrolysis dysfunc-
tion, reduces protein aggregation, and enhances cell survival [63]. Li et al. [64] found that
in neurodegenerative disorders caused by type 1 DM, a combination of N-acetylcysteine
and insulin considerably increases Trx1 and Trx2 levels compared with insulin alone. This
combination enhances the body’s antioxidative activity, mitigating oxidative damage in the
brain. This discovery offers new insights for managing type 1 DM and its complications.

4.2. Selenium Supplementation-Induced Enhancement of TrxR1 Activity Mitigates Nerve Damage

Selenocysteine is present in at least 25 human selenoproteins that are involved in
a wide range of biological functions. The active site of TrxR, a selenoprotein, contains
selenocysteine residues [65]. Selenium is a key element that exhibits antioxidative and
neuroprotective activities in various models of toxicity. It plays a central role in prevent-
ing and regulating a diverse range of diseases, such as cancer, diabetes, AD, psychiatric
disorders, cardiovascular disease, fertility impairment, inflammation, and infections [66].
Wang et al. [46] found that selenium supplementation substantially reduces cadmium
cytotoxicity in neuronal cells (SH-SY5Y) by enhancing TrxR1 activity and increasing TrxR1
levels in these cells. These changes exert antioxidative effects, reducing ROS production
and apoptosis and mitigating cadmium-induced apoptosis. The researchers also found that,
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compared with 20 µM selenium selenite, 5 µM selenium selenite markedly enhanced TrxR1
activity in neuronal cells. This finding suggests that exposure to low concentrations of
selenium can protect the nervous system. Thus, selenium may be applied in the prevention
and treatment of neurodegenerative disorders, such as AD and PD, by enhancing TrxR1
activity and strengthening antioxidative effects.

4.3. Inhibition of TXNIP Mitigates Nerve Damage
4.3.1. Vitamin D3-Induced Inhibition of TXNIP Mitigates Nerve Damage

Vitamin D3 (cholecalciferol) serves as a pleiotropic neurosteroid in the brain. Its
active form, 1,25(OH)2D3, also serves as a neurosteroid, acting as both a hormone and a
paracrine/autocrine agent in the brain [67]. Epidemiologic and clinical evidence suggests
that a higher level of vitamin D in serum is associated with higher cognitive performance;
by contrast, a low level of vitamin D is associated with AD development [68]. Lu et al. [69]
reported that vitamin D3 (233.3 U/kg body weight/week for 6 months) alleviates retinal
inflammation by reducing ROS production (in the retinal vascular endothelium of rats), the
activity of the TXNIP/NLRP3 pathway, the Bax/Bcl-2 ratio, retinal apoptosis, and retinal
tissue damage, thereby ameliorating DM-related retinal damage. Gao et al. [51] revealed
that peripheral nerve conduction velocity in patients with DM is associated with TXNIP.
Vitamin D3 can inhibit inflammation and reduce neuronal apoptosis, thereby preserving
peripheral nerve function in patients with DM. The downregulation of TXNIP expression
mitigates oxidative stress in patients with DPN.

4.3.2. Resveratrol-Induced Inhibition of TXNIP Expression Mitigates Nerve Damage

Resveratrol, which is derived from grape seeds, is a polyphenolic organic compound.
It is easily absorbed by the gastrointestinal tract, metabolized, and excreted through the
urine and feces. Han et al. [70] established an animal model of DM by feeding SD rats a
high-fat, high-sugar diet and by injecting (laparoscopically) the animals with 1% strepto-
zotocin. Then, these animals were treated with resveratrol (10 mg/kg intraperitoneally
for 6 weeks). As a TXNIP inhibitor, resveratrol decreased the synthesis of NLRP3 and
suppressed TXNIP expression. This increased sciatic nerve conduction velocity, mitigated
pathological changes in sciatic nerve myelin, and lessened symptoms associated with
sciatic nerve conduction injury. Notably, miR-146a-5p, the most abundant miRNA in
exosomes [71], is involved in cell proliferation [72]. Fan et al. [73] implicated microglia-
specific miR-146a-5p in the development of depression, revealing a new therapeutic target
for this condition. Hu et al. [74] indicated that resveratrol ameliorates DM-induced cogni-
tive impairment through the miR-146a-5p/TXNIP axis. In patients with DPN, miR-146a-5p
increases nerve conduction velocity, mitigates morphological damage, and reduces sciatic
nerve demyelination. TXNIP may be a target of miR-146a-5p because miR-146a-5p over-
expression considerably downregulates the expression of TXNIP. Resveratrol upregulates
the expression of miR-146a-5p, thereby inhibiting TXNIP expression and alleviating the
cognitive impairment associated with diabetic encephalopathy. Together, these findings
highlight the potential of resveratrol as an inhibitor of TXNIP expression.

5. Summary and Outlook

Several studies have revealed the crucial role of the Trx system in the regulation of
nerve injury. Trx and TrxR serve as key targets in chemical nerve injury. In addition to
these targets, TXNIP—an endogenous Trx-binding inhibitory protein—was explored in this
review. We mentioned that the Trx system plays a role in the maintenance of redox home-
ostasis in the central and peripheral nervous systems, which is altered in neurodegenerative
disorders. Studies on postmortem brains from different neurodegenerative disorders have
revealed a differential modulating pattern in these disorders by the Trx system. Reduced
levels of selenium and Trx1 in the brains of patients with AD are linked to the oxidation of
Trx1 caused by Aβ peptides, which separates Trx1 from ASK1 and initiates apoptosis. In
the brains of individuals after death, TrxR1 levels may rise compensatorily. In the brains
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of patients with Parkinson’s disease, the neurotoxic MPP+ is generated, which results in
lowered levels of both Trx1 and TrxR2. The brains of patients with Parkinson’s disease
lack the antioxidant protein DJ-1, which prevents it from co-immunoprecipitating with
free ASK1, which ultimately triggers apoptosis through the caspase-12 pathway. Patients
with Huntington’s disease have diminished TrxR1 and Trx1 levels due to dysregulated glu-
tathione (GSH) redox. TXNIP is high in brain stroke patients, and the ASK1/p38 pathway
is activated. TXNIP inhibitors cause thromboembolic stroke prevention [6].

We found that chemicals such as morphine, metals, and methylglyoxal induce nerve
injury by inhibiting Trx and TrxR expression and upregulating TXNIP expression. Of course,
the chemicals that target the Trx system to cause chemical nerve damage go far beyond
what we have discussed. The anti-cancer drug paclitaxel causes peripheral neuropathy with
neuropathic pain. Research says it induces sciatic nerve pain in rats by inhibiting TrxR2 [48].
Botulinum neurotoxins inhibit Trx/TrxR, leading to peripheral nerve paralysis [75]. A high-
glucose environment may also induce TXNIP, which causes oxidative stress in microglia
and diabetic neuroinflammation [76]. Homeostatic imbalances in the Trx system caused
by chemical nerve injury are mediated primarily through the PI3K/Akt, ERK, ASK1/p38
MAPK, TXNIP/NLRP3, or cAMP/CREB pathways. The results of earlier research that
were referenced in this study were combined by us. We proposed the hypothesis that, when
chemically stimulated, in the cytoplasm, TrxR cannot reduce Trx1, and TXNIP dissociates
from the Trx1-TXNIP complex, causing cellular oxidative stress. Moreover, ASK1 separates
from the Trx-ASK1 complex, resulting in apoptosis. When cells are stimulated by nitrous
oxide, TXNIP in mitochondria dissociates from the Trx2-TXNIP complex and binds to
NLRP3, releasing caspase-1 and -12 to cause apoptosis. At the same time, NF-κB undergoes
nuclear translocation, releases inflammatory factors (TNF-α, IL-1 β, IL-6), activates p38,
and ultimately causes apoptosis. When stimulated by methylglyoxal, the TXNIP-NLRP3
complex in mitochondria induces oxidative stress. ASK1 then separates from the Trx2-ASK1
complex, activating p38 and triggering apoptosis. Chemical nerve damage is the result
of this (Figure 3). Researchers have identified multiple therapeutic agents for regulating
these pathways—for example, sulforaphane, resveratrol, vitamin D3, and selenium. Re-
search has claimed that docosahexaenoic acid, as an indirect antioxidant, enhances the
antioxidant capacity of the Trx system in nerve cells and may have a big breakthrough
in neuroprotective research on AD [77]. The upregulation of endogenous Trx1 and Trx2
expression and the administration of exogenous Trx1 inducers can confer neuroprotective
effects against AD through the activation of prosurvival pathways (PI3K/Akt and ERK
pathways) and the suppression of oxidative stress, inflammation (TXNIP, NLRP3, and
NF-κB), and apoptosis (ASK1/JNK/p38 MAPK and the caspase-1 and -12 pathways) [78].
Therefore, maintaining the homeostasis of the Trx system by upregulating Trx1 and Trx2
expression, enhancing TrxR activity, and inhibiting TXNIP may protect against chemical
nerve injury. Evidence suggests that both Trx1 suppression and overexpression can lead
to nerve damage, and the benefits of Trx1 are not absolute. Morphine phosphorylates
ERK and Akt, activating the Trx1/CREB pathway, causing morphine addiction (Figure 3).
These findings highlight the need for a practical orientation in targeting Trx1 and Trx2 for
the treatment of chemical nerve injury. In conclusion, the precise molecular mechanisms
underlying the homeostatic imbalance of the Trx system in chemical nerve injury remain
unclear. Strategies for regulating the Trx system to treat nerve damage are in the experi-
mental stage. In the clinical practice of the therapy of chemical nerve injury, Trx1,2 agonists,
TrxR agonists, and TXNIP inhibitors may be developed. Researchers can also consider
sulforaphane, resveratrol, selenium supplementation, and other substances mentioned that
can modulate the homeostasis of the Trx system. Future studies should focus on the clinical
applications of these strategies, facilitating the development of Trx system-targeting drugs
for the treatment of chemical nerve injury.
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Abbreviations

2-AAPA
2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulf
anylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid

AD Alzheimer’s disease
Akt Protein kinase B
ASK1 Apoptotic signaling-regulated kinase 1
ATP Adenosine triphosphate
Bax B-cell lymphoma-2-associated X protein
Bcl-2 B-cell lymphoma-2
cAMP Cyclic adenosine monophosphate
CHOP CCAAT/enhancer-binding protein homologous protein
CRE Cyclic adenosine monophosphate-responsive element
CREB Cyclic adenosine monophosphate-responsive element-binding protein
CVNVGC -Cys-Val-Asn-Val-Gly-Cys-
DM Diabetes mellitus
DPN Diabetic peripheral neuropathy
ERK Extracellular signal-regulated kinase
GSH Glutathione
IL-1β Interleukin-1β
IL-6 Interleukin-6
JNK Phosphorylated c-Jun N-terminal kinase
MAPK Mitogen-activated protein kinase
MPP+ 1-methyl-4-phenylpyridinium ion
NAc Nucleus accumbens
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear transcription factor-κB
NLRP3 Pyrin domain-containing-3
PD Parkinson’s disease
PI3K Phosphatidylinositol-3-kinase
ROS Reactive oxygen species
TNF-α Tumor necrosis factor-α
Trx Thioredoxin
TrxR Trx reductase
TXNIP Trx-interacting protein
VTA Ventral tegmental area
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