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A B S T R A C T

Dimethomorph (DMT) is a widely-used selective active fungicide that effectively controls downy mildew, crown 
rot, and late blight in crops. The extensive application of DMT raises concerns about its ecological impact on non- 
target organisms in the environment. However, there is limited understanding of the toxicological properties of 
DMT on these organisms. In this study, we utilized zebrafish as an animal model to assess the toxicity of DMT 
induced by exposure 5.5–72 hours post-fertilization (hpf). During this period, we monitored and evaluated the 
development of the zebrafish heart and vascular system. Additionally, embryo samples were collected to perform 
molecular-level detection of PCNA, oxidative stress, and related genes. The results showed a concentration- 
dependent decrease in survival rate and hatching rate, shortened body length, slowed heart rate, and pericar
dial edema, body curvature and reduced eye size as DMT exposure concentration increased. Furthermore, DMT 
exposure led to impairments in the development of the heart, vascular, along with change in the expression levels 
of relevant genes. It also caused a decrease in cell proliferation and an increase in oxidative stress levels. 
Moreover, DMT disrupts the normal development of thyroid follicular cells, leading to a reduction in T3 levels. 
Thyroid hormone supplementation partially reverses the toxicity induced by DMT, increasing eye size, restoring 
body length, reducing spine curvature, and reducing pericardial edema. Therefore, we speculate that DMT likely 
affects the development of zebrafish embryos by disrupting normal thyroid follicle development.

1. Introduction

Current agricultural practices worldwide have extensively employed 
the use of pesticides as an effective method to maintain and improve 
crop productivity to meet the demands of a growing global population 
(Wang et al., 2017). However, the widespread utilization of pesticides 
has raised public concerns regarding their impact on the environment as 
well as on animal and human health (Kohler and Triebskorn, 2013; 
Munze et al., 2017; Yang et al., 2017). DMT (Dimethomorph) is an 
effective fungicide developed by BASF, Germany, for the prevention and 
control of oomycete diseases. It is particularly beneficial in controlling 
drug-resistant fields dominated by benzamide-resistant pathogens (Yang 
et al., 2021a; Liang et al., 2011; Liu et al., 2012).

With the widespread use of DMT, its residues have been detected in 

surface water (26.5 ng/L) (Navarro et al., 2024), soil (0.20–2.81 mg/kg) 
(Liu et al., 2012) and agricultural products such as peppers 
(0.05–1.28 mg/kg) (Liang et al., 2011), grapes (0.76±0.11 mg/kg) 
(Wang et al., 2018) and potatoes (0.0269–0.0391 mg/kg) (Chen et al., 
2018). In addition, DMT has a long half-life in soil and can enter 
groundwater (Zambito Marsala et al., 2020). Current research on DMT 
primarily examines the residues and degradation rates of crops, soil in 
the environment, and other contact materials (Wang et al., 2018; Hengel 
and Shibamoto, 2000; Xu et al., 2015; Siegenthaler and Hansen, 2021; 
Baek et al., 2021). Among the 43 pesticide residues in Dendrobium 
officinale, DMT was found to have significant residues, with a concen
tration of 6.11 mg/kg (Xu et al., 2021). A skin exposure study of 
greenhouse planter workers demonstrated that DMT can be absorbed 
through the skin, despite the use of effective protective clothing by the 
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workers (Lesmes-Fabian and Binder, 2013).
DMT has the potential to infiltrate organisms and induce toxicity via 

environmental exposure, such as contaminated water, crops, or direct 
contact. DMT exhibits immunotoxicity in human Jurkat T cells; while 
DIM, as an androgen receptor antagonist, causes shortened anogenital 
distance in male rats; additionally, DIM leads to dose-dependent re
ductions in plasma corticosterone levels, affects ovarian gene expres
sion, and impairs follicle growth in rats (Li et al., 2022; Scholze et al., 
2020; Boberg et al., 2023). DMT induced oxidative stress may contribute 
to its toxicity (Wang et al., 2022; Fan et al., 2021a). DMT treatment of 
P. parasitica induced a significant accumulation of ROS (Hao et al., 
2019), reflecting oxidative damage. Additionally, DMT exposure in soil 
resulted in oxidative stress in earthworms (Wang et al., 2017). In 
zebrafish embryos, exposure to DMT has been shown to significantly 
inhibit growth, delay hatching, suppress heart rate, and cause spinal 
curvature, pericardial edema, and yolk sac edema (Fan et al., 2021a; 
Yang et al., 2022a).

Despite these findings, the mechanisms underlying DMT induced 
toxicity remain poorly understood, particularly in relation to thyroid 
hormone function, which plays a crucial role in zebrafish development 
(Brown, 1997). Thyroid hormones, such as T3, are critical regulators of 
heart development, angiogenesis, and overall embryonic growth 
(Forhead and Fowden, 2014; Yen, 2001). Disruption of thyroid hormone 
signaling has been linked to developmental defects and oxidative stress, 
further implicating thyroid function in DMT-induced toxicity.

Zebrafish is not only a model organism, but also a test subject, widely 
used to detect the toxicity of chemical agents and contamination of soil 
and water (Bambino and Chu, 2017; Hill et al., 2005). It fills a scientific 
position between in vitro models and higher organisms (Horzmann and 
Freeman, 2018). Toxicity phenotypes in drug-exposed zebrafish and 
mammals share substantial similarities and can be used to study and 
model toxicity ranging from molecular initiation events to changes in 
biological health and behavior (Horzmann and Freeman, 2018).

The aim of this study was to assess the impact of DMT on embryonic 
development focusing on parameters such as survival rate, hatching 
rate, heart rate and body length, Additionally, we evaluated heart and 
angiogenesis development, along with the transcriptional effects of 
heart development-related genes (gata4, nkx2.5, tbx5a, myh6, vmhc, 
nppa), angiogenesis-related genes (flt1, flt4, kdr, vegfa). PCNA (Prolif
erating cell nuclear antigen) staining was performed to assess the pro
liferation of myocardial cells, alongside evaluating the transcription 
changes in proliferation-related genes (ccnd1, ccne1, cdk2, cdk6). We 
also measured key oxidative stress markers, including reactive oxygen 
species (ROS) level, catalase (CAT) activity and malondialdehyde 
(MDA) content, alongside assessing the transcription changes of anti
oxidant genes hmox1a and nqo1. Finally, given the key role of thyroid 
hormones in zebrafish development, this study explores whether T3 
supplementation can alleviate DMT-induced developmental toxicity. 
This study provides valuable insights into the potential health risks 
posed by DMT to both aquatic life and humans.

2. Methods and materials

2.1. Zebrafish care and breeding condition

In this study, both AB wild-type and transgenic zebrafish lines were 
used, including Tg(myl7:GFP), Tg(fli:GFP), Tg(tg:EGFP). All fish lines 
were obtained from the National Zebrafish Resource Center (Wuhan, 
China). Zebrafish were maintained in a recirculating water system at 28 
± 1 ◦C, with a 14-hour light and 10-hour dark cycle. The system pro
vided continuous water flow. Zebrafish were fed newly hatched Artemia 
three times daily (morning, midday, and evening). For breeding, adult 
zebrafish were placed in spawning tanks in a 1:1 or 2:1 male-to-female 
ratio the evening before spawning, separated by baffles. The next 
morning, the baffles were removed, and embryos were collected two 
hours post-spawning. Embryos were cultured in E3 medium (5 mM 

NaCl, 0.17 mM KCl, 0.33 mM CaCl₂, 0.33 mM MgSO₄) with 0.00001 % 
Methylene Blue. Water parameters were controlled at a pH of 7.0 and 
conductivity of 450–550 μS/cm. Healthy embryos were selected for 
further experiments based on developmental stage and morphological 
criteria under a microscope.

2.2. Chemicals and reagents

DMT (CAS Number: 110488–70–5) was purchased from Shandong 
Renjie Biotechnology Co., Ltd. The primers used for this study were 
synthesized by Huada Gene Technology Co., Ltd. Additionally, three 
different kits were purchased from TransGen Biotech (Beijing, China): 
TransZol Up Enhanced RNA Extraction Kit, EasyScript One-Step gDNA 
Removal and cDNA Synthesis SuperMix Reverse Transcription Kit, and 
Real-Time Fluorescence Quantitation PerfectStart Green qPCR Super 
Mix Kit. Four reagents were obtained from Nanjing Jiancheng Bioengi
neering Institute (Nanjing, China): including the Total protein quanti
fication kit (Coomassie brilliant blue method), CAT (catalase) visible 
light kit, micro-MDA (malondialdehyde) test kit, and ROS (reactive 
oxygen species) probe DCFH-DA. Thyroid hormones (T3/T4) supplied 
by MCE.

2.3. DMT exposure

A stock solution of DMT (1 g/L) was prepared by dissolving Dime
thomorph in dimethyl sulfoxide (DMSO). After zebrafish spawning, 5.5 
hpf embryos were handpicked under a microscope and transferred into a 
6-well plate, with 15 embryos per well, and three biological replicates 
per group. The control group received embryo culture solution con
tained only 0.11 % DMSO (Ma et al., 2021; Zhong et al., 2021), while the 
treatment group was exposed to varying concentrations of DMT 
(0.7 mg/L, 0.9 mg/L, and 1.1 mg/L). DMT was diluted with embryo 
culture solution to achieve the desired concentration. Every 24 hours 
following administration, the water was replaced and the treatment 
duration lasted from 5.5 to 72 hpf. Fish were anesthetized with tricaine 
(0.16 g/L) and fixed in 1 % low-melting-point agarose for imaging. 
Images were taken using two microscopes: Leica M205 FA® (Leica, 
Germany) and Axio zoom V16® (Carl Zeiss, Germany).

At 72 hpf, zebrafish embryos post-DMT exposure were collected for 
subsequent experiments. All procedures followed the guidelines for the 
care and use of laboratory animals of the National Institute of Food and 
Drug Control of China.

2.4. Oxidative stress analysis

Zebrafish embryos were collected at 72 hpf after exposure to DMT for 
the analysis of oxidative stress-related biomarker expression. A total of 
45 embryos per DMT dose were used for biomarker analysis of reactive 
oxygen species (ROS) levels, malondialdehyde (MDA) content, catalase 
(CAT) activity, and the expression changes of oxidative stress-related 
genes (hmox1a and nqo1). ROS levels, MDA content, and CAT activity 
were measured using standard commercial kits, following the manu
facturer’s protocols. Absorbance measurements were taken using a 
multifunctional microplate reader (PerkinElmer Victor Nivo, USA), and 
enzyme activity was calculated based on the formulas provided in the 
reagent kits. ROS-staining images were captured using a Leica micro
scope (Leica M205 FA®, Leica, Germany), and fluorescence intensity 
was quantified using ImageJ software (National Institute of Health, 
USA). For ROS staining analysis, 15 embryos were used per DMT 
concentration.

2.5. Histological preparation and staining

Zebrafish embryos (72 hpf) were fixed overnight with 4 % para
formaldehyde (PFA) at 4◦C, with 15 embryos per DMT exposure con
centration. Following fixation, the embryos were then washed three 
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times in 70 % ethanol, with each wash lasting five minutes. The embryos 
were then dehydrated through a graded ethanol series (80 %, 90 %, 
95 %, and 100 %). After dehydration, the samples were immersed in a 
xylene/ethanol mixture (1:1) for 20 minutes, followed by xylene for 
50 minutes, xylene/paraffin (1:1) for 60 minutes, and finally paraffin for 
90 minutes, with the paraffin replaced twice during this period. The 
samples were then cooled for solidification. After paraffin embedding, 
wax trimming, sectioning, and slide preparation were performed. 
Hematoxylin-eosin (HE) staining was conducted according to standard 
procedures as previously described (Wang et al., 2019; Xiong et al., 
2019a).

2.6. PCNA immunostaining

A total of 15 embryos were collected from both the control group and 
the group exposed to 1.1 mg/L DMT. After collection, embryos were 
rinsed three times with embryo water, with each wash lasting five mi
nutes. The embryos were then fixed overnight in 4 % paraformaldehyde 
(PFA) at 4◦C. The next day, embryos were washed three times with PBS 
for five minutes each and blocked using PBTN (PBS + 1 % Triton X-100 
+ 4 % Bovine Serum Albumin + 0.02 % NaN3) for two hours at 4◦C. 
Following blocking, the embryos were incubated with Anti-PCNA 
(Proliferating Cell Nuclear Antigen) antibody (1 μL antibody diluted in 
1 mL PBTN) at 4◦C overnight. After incubation, the embryos were 
washed five times with PT solution, with each wash lasting 45 minutes. 
They were then incubated with the secondary antibody (mouse anti- 
638) diluted with 1 mL PBTN (1 μL secondary antibody) and pro
tected from light overnight at 4◦C. The next day, the secondary antibody 

was removed, and the embryos were washed five times with PT solution 
(45 minutes per wash). Finally, images were captured using a confocal 
microscope (Leica TCS SP8), following the detailed operational steps as 
described in previous literature (Xiong et al., 2019a).

2.7. RNA extraction and qPCR analysis

72 hpf after DMT exposure, total RNA was extracted from all treated 
embryos (100 embryos per group). RNA extraction and reverse tran
scription reaction were performed according to the protocols provided 
by the commercial kits and as described in previous literature (Xiong 
et al., 2019b). Quantitative real-time polymerase chain reaction (qPCR) 
was performed using the ABI Step-One + RT-PCR® system [Applied 
Biosystem, CA, USA]. Gene expression was quantitatively analyzed, 
normalized to β-actin as the internal control. The data were presented as 
2-ΔΔCt, and the primer sequences are provided in Supplementary 
Table S1.

2.8. Detecting T3 levels in zebrafish embryos

At 72 hpf, we collected 30 embryos from both the control group and 
the 1.1 mg/L DMT-treated group. The embryos were homogenized in 
300 µL of physiological saline, centrifuged at 3000×g for 10 minutes, 
and the supernatant was collected for T3 level measurement. The T3 
ELISA kit (purchased from Shanghai Keshun Biotechnology Co., Ltd.) 
was used according to the manufacturer’s instructions provided in the 
manual.

Fig. 1. DMT exposure induces acute toxicity and developmental defects in zebrafish embryos. (A) Schematic diagram and molecular structure of DMT exposure 
experiment. (B) Effect of different concentrations of DMT on the survival rate of zebrafish embryos at 96 hpf and on the hatchability statistics of zebrafish embryos. 
(C) The phenotype of developmental defects caused by DMT exposure was observed under the bright field of a microscope. (D) Statistics of changes in heart rate, eye 
area, body length and pericardial area of zebrafish embryos. Red dashed area indicates the pericardium.; White dashed area indicates the eye. The asterisk sign 
indicates significant differences between DMT treatment and negative control (*p<0.05, **p<0.01, ***p<0.001).
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2.9. Rescued experiment

A rescue experiment was conducted on the group treated with the 
highest concentration of DMT (1.1 mg/L). Embryos treated with embryo 
culture solution served as negative control. T3 and T4 [MCE, UV ≥
99.98 %] were added to the 1.1 mg/L DMT exposure group at final 
concentrations of 2 μM each. At 72 hpf, images were captured using a 
Leica M205FA® [Leica, Germany].

2.10. Statistical analysis

All experimental data were analyzed using GraphPad Prism 8.0, 
Microsoft Excel 2019, Photoshop, and ImageJ. ImageJ was used to 
analyze area, body length, and fluorescence intensity measurements. 
Bar graphs were generated using GraphPad Prism 8.0, and a logistic 
regression analysis was conducted to calculate the DMT lethal concen
tration 50 (LC50). In Microsoft Excel 2019, Student’s t-test was applied 
to assess differences between groups. Data are presented as mean ±
standard deviation (SD). Statistical significance between the 
dimethomorph-treated group and the negative control was indicated by 
asterisks in the figures, with the following thresholds: *p < 0.05, **p <
0.01, ***p < 0.001. Photoshop was used for figure layout and 
formatting.

3. Results

3.1. DMT induced morphological deformities

To evaluate the bio-toxicity of DMT on early zebrafish embryos, we 
conducted a pre-experimental treatment using exposure concentrations 
ranging from 0 mg/L to 1.6 mg/L, with a concentration gradient of 
0.1 mg/L. The exposure mode and the molecular structural of DMT are 
depicted in Fig. 1A. As shown in Fig. 1B, embryo death began at a DMT 
concentration of 0.8 mg/L, and mortality reached 100 % at 1.4 mg/L, 

with an LC50 of approximately 1.0 mg/L. The hatching rate is a crucial 
indicator of the toxicity of compounds on zebrafish embryo develop
ment. Based on the experimental data, DMT exposure significantly 
inhibited normal hatching, A DMT concentration of 0.7 mg/L reduced 
the hatching rat, with 50 % of the hatching rate occurring between 1.1 
and 1.2 mg/L.

As shown in Fig. 1C, zebrafish embryos were exposed to DMT con
centrations of 0 mg/L, 0.7 mg/L, 0.9 mg/L, and 1.1 mg/L from 5.5 to 72 
hpf. Statistical analyses were performed on relevant indicators, as pre
sented in Fig. 1D. At 0.9 mg/L DMT, significant developmental changes 
were observed: the eye area decreased, atrioventricular spacing 
increased, and the pericardium and yolk areas expanded considerably. 
Additionally, zebrafish body length was reduced, and the embryos ex
hibits a curved shape. Hheart rate also decreased in a concentration- 
dependent manner. with the most pronounced effects observed at 
1.1 mg/L. In summary, the exposure of zebrafish embryos to DMT 
resulted in developmental toxicity.

3.2. Heart and vascular developmental defects

The heart is one of the first functional organs to develop in zebrafish 
and is highly susceptible to environmental toxins and drug exposure. 
After DMT exposure, we observed significant cardiac abnormalities, 
including an increased atrioventricular spacing, an enlarged pericar
dium, and a reduced heart rate, which indicated a direct impact on the 
heart. To further investigate the effects of DMT on zebrafish embryonic 
heart development, we utilized the transgenic line Tg (myl7:EGFP) to 
monitor cardiac developmental. Our results revealed that DMT exposure 
caused an elongation in the distance between the atrium and ventricle. 
Additionally, and histological sections of the heart tissue indicated a 
concentration-dependent reduction in cardiomyocytes (Fig. 2A).

Angiogenesis plays a critical role during zebrafish embryo develop
ment (Lee et al., 2021a). To investigate the potential impact of DMT 
exposure on this process. We conducted exposure experiments using a 

Fig. 2. DMT exposure induces defects in embryonic heart and vascular development. (A) After DMT was exposed to the transgenic fish strain Tg(myl7: EGFP), 
fluorescence images were taken; and Staining of heart tissue sections. (B) After DMT was exposed to the transgenic fish strain Tg(fli:GFP), fluorescence images were 
taken. Arrows indicate the atria and ventricles. A: atrium; V: ventricle; SIV: sub-intestinal venous; DLAV: dorsal longitudinal anastomotic vessel; ISV: intersegmental 
vessel; CVP: caudal vein plexus; CV: caudal vein.
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transgenic fish line Tg (fli:GFP), which expresses green fluorescence to 
label vascular structures. As shown in Fig. 2A, increasing concentrations 
of DMT exposure led to the inhibition of sub-intestinal venous (SIV) 
development in zebrafish embryos, with a clear 
concentration-dependent effect (indicated by red arrows). The length of 

the intersegmental vessels (ISV) was reduced, and defects in their shape 
were observed. Additionally, the formation of dorsal longitudinal 
anastomotic vessel (DLAV), caudal vein plexus (CVP), and caudal vein 
(CV) was impaired, with CV being absent in the highest exposure group. 
Interestingly, The caudal artery (CA) does not seem to be impacted.

Fig. 3. Transcriptional changes in related genes. (A) Expression of zebrafish embryo heart development-related genes (gata4, nppa, myh6, tbx5a, nkx2.5, vmhc) after 
exposure to DMT. (B) Expression of zebrafish embryo vascular development-related genes (vegfa, flt1, flt4, kdr) after exposure to DMT. The asterisk sign indicates 
significant differences between DMT treatment and negative control (*p<0.05, **p<0.01, ***p<0.001).

Fig. 4. Effects of DMT exposure on cell proliferation. (A) PCNA antibody staining detects the proliferation of zebrafish embryonic cardiomyocytes exposed to 
different concentrations of DMT at 72 hpf. (B) Expression of zebrafish embryo cell proliferation-related genes (ccnd1, cdk6, ccne1, cdk2) after exposure to DMT. The 
asterisk sign indicates significant differences between DMT treatment and negative control (*p<0.05, **p<0.01, ***p<0.001).
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3.3. Expression of heart and vascular-related genes

Heart development is a continuous and highly intricate process, 
during which transcription factors, as well as growth and differentiation 
factor, play crucial roles in regulating the precise formation and function 
of cardiac tissues. As a result, we analyzed the transcriptional expression 
of genes associated with zebrafish heart development (Fig. 3A). Our 
results revealed a significant decrease in the expression of gata4 and 
tbx5a. The expression of nkx2.5 was markedly suppressed at the highest 
DMT exposure concentration of 1.1 mg/L. The expression of heart- 
specific gene myh6 and vmhc showed a concentration-dependent 
decrease, while nppa expression significantly increased at a concentra
tion of 1.1 mg/L. Therefore, exposure to DMT induces developmental 
malformations in the heart and disrupts the normal expression of genes 
associated with cardiac development. Furthermore, we assessed the ef
fects of DMT on the transcriptional activities of angiogenesis-associated 
genes (flt1, flt4, vegfc, and kdrl). The results are presented in Fig. 3B, and 
demonstrating that the mRNA expressions of flt1, flt4 and vegfa were 
significantly down-regulated following DMT exposure. However, no 
significant change was observed in transcription level of kdr. In 
conclusion, DMT disrupts the expression of angiogenesis-related genes, 
leading to abnormalities in angiogenesis.

3.4. Effects of DMT exposure on cell proliferation

To evaluate the effect of DMT exposure on cell proliferation, we 
selected embryos that were exposed to 1.1 mg/L of DMT for PCNA 
staining experiments. PCNA (Proliferating Cell Nuclear Antigen) plays a 
crucial role in the initiation of cell proliferation and is widely used as a 
marker to assess cell proliferation status. The results show that exposure 
to DMT reduces the number of PCNA-positive cells, indicating a decrease 
in the proliferation of zebrafish cardiomyocytes (Fig. 4A). Additionally, 
we evaluate the variations in the expression of cell proliferation-related 
genes in zebrafish. The results are shown in Fig. 4B, demonstrating that 
cyclin D1 (ccnd1) and cyclin E1 (ccne1) expressions were slightly 
reduced, though the differences were not statistically significant 

compared to the control group. However, as DMT exposure increased, a 
marked downregulation of cdk2 mRNA was observed at 0.9 mg/L and 
1.1 mg/L. Furthermore, the expression of cyclin-dependent kinase 6 
(cdk6) significantly reduced at 1.1 mg/L. In summary, DMT exposure 
led to the downregulation of key genes involved in cell proliferation. 
Combined with cardiomyocyte proliferation experiment, we speculated 
that DMT may induce the decrease of cell proliferation during zebrafish 
embryo development.

3.5. DMT induces increased levels of oxidative stress

Increases in oxidative stress levels are crucial biological indicators 
for assessing aquatic toxicology, as exposure to chemical toxicants ele
vates reactive oxygen species (ROS) levels, leading to disruption of the 
endogenous redox balance. As shown in Fig. 5A, the intensity of green 
fluorescence as the exposure concentration of DMT rose, indicating a 
persistent accumulation of reactive oxygen species (ROS). The ROS 
accumulation was predominantly observed in the heart and surrounding 
areas, which showed the brightest fluorescence signal, suggesting that 
oxidative stress was most prominent in these regions. The statistical 
analysis presented in Fig. 5B indicates a positive correlation between the 
intensity of ROS fluorescence and increasing DMT exposure concentra
tions, Additionally, as shown in Fig. 5C, elevated concentrations of DMT 
led to a significant increase in malondialdehyde (MDA) content and 
catalase (CAT) enzyme activity. Moreover, Fig. 5D demonstrates that 
DMT exposure significantly up-regulated the oxidative stress-related 
gene hmox1a, while nqo1 expression was significantly down-regulated. 
In conclusion, the study indicates that DMT exposure induces oxida
tive stress and alters gene expression levels in embryos, which may lead 
to the observed developmental defects in zebrafish embryos.

3.6. Rescue experiment

Thyroid hormones are among the key hormonal regulators of anti
oxidant balance (Mancini et al., 2016). Additionally, their impact on 
heart contractility, heart rhythm, and vascular function has been well 

Fig. 5. DMT induces oxidative stress in zebrafish embryos. (A) Distribution of fluorescence visualizing ROS in zebrafish larvae exposed to different concentrations of 
DMT. (B) Fluorescence intensity of ROS after exposure to different concentrations of DMT. (C) MDA and CAT activities after exposure to different concentrations of 
DMT. (D) Expression of zebrafish embryo oxidative stress-related genes after exposure to DMT. The asterisk sign indicates significant differences between DMT 
treatment and negative control (*p<0.05, **p<0.01, ***p<0.001).
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established (Pantos et al., 2008). To investigate whether DMT affects 
thyroid hormone levels, we utilized the transgenic Tg(tg:GFP) line, 
which labels follicular cells, for dynamic phenotypic analysis of thyroid 
morphogenesis (Yang et al., 2021b, 2023; Wei et al., 2022). The effects 
of DMT exposure on thyroid follicle morphology were further examined 
using confocal microscopy. Zebrafish embryos exposed to 1.1 mg/L 
DMT for 72 hours exhibited significant structural disorganization in 
their thyroid follicles compared to the control group. In the control 
embryos, the thyroid follicles displayed normal, well-organized 

structures. However, in DMT-treated embryos, the follicles were 
enlarged and showed irregular morphology. This observation suggests 
that DMT exposure leads to alterations in thyroid follicle structure 
(Fig. 6A). Additionally, we measured the changes in T3 levels after DMT 
exposure. At 0.11 mg/L, DMT caused a slight decrease in T3 levels, 
whereas at 1.1 mg/L, it significantly reduced T3 levels (Fig. 6B). The 
rescue experiments were conducted using small-molecule thyroid hor
mone medications (T3/T4). We assessed several developmental in
dicators in zebrafish embryos post-rescue, including pericardium area, 

Fig. 6. T3/T4 mitigated the effects of DMT. (A) DMT exposure on the thyroid follicles of zebrafish embryos at 72 hpf. The control group (left) shows normal follicular 
morphology, while the DMT-treated group (right) exhibits pronounced structural disorganization and enlargement of the follicular cells. (B) The T3 content in 
embryos decreased after DMT exposure. (C) Representative bright field images of DMT and T3/T4 + DMT treated zebrafish embryos. (D) Statistics of pericardial area, 
body length, and eye are. The asterisk sign indicates significant differences between DMT treatment and negative control (*p<0.05, **p<0.01, ***p<0.001).
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body length, and eye area size. The results showed significant im
provements: an increase in eye size, longer body length, reduced peri
cardium size, decreased yolk area, and the embryos exhibited a straight 
body shape (Fig. 6C, D). These findings suggest that thyroid hormone 
supplementation effectively rescues the developmental malformations 
in zebrafish embryos induced by DMT exposure.

4. Discussion

With the continued advancement of modern agriculture, the utili
zation of pesticides is inevitable and increasing. Extensive literature and 
investigative reports indicate that the use of pesticides can have signif
icant ecological impacts on various non-target organisms in the envi
ronment (Lerro et al., 2021; Moebus and Boedeker, 2021; Park et al., 
2020). However, the current understanding of DMT’s toxicological ef
fects on non-target species is limited. Most studies focus on the com
bined toxic effects of DMT with other pesticides, with limited 
exploration of its standalone mechanisms of toxicity (Fan et al., 2021b). 
Therefore, in this study, we employed zebrafish as a model organism to 
assess the embryonic developmental toxicity of DMT on non-target 
species.

We found that exposure to 0.8 mg/L DMT initiated embryo mortal
ity, while exposure to 1.4 mg/L DMT resulted in 100 % embryo death. 
The calculated LC50 was approximately 1.0 mg/L. Additionally, expo
sure to 0.7 mg/L DMT caused a significant reduction in the hatching 
rate, with 50 % hatching occurring between concentrations of 1.1 and 
1.2 mg/L. DMT exposure also led to several developmental abnormal
ities, including increased atrioventricular spacing, body curvature, 
reduced heart rate, smaller eye area, shortened body length, as well as 
pericardial and yolk sac edema. Based on these observations, we 
conclude that DMT poses developmental toxicity risks to zebrafish em
bryos. While the concentrations used in this study may exceed those 
commonly observed in the environment, this approach is essential for 
exploring the mechanistic aspects of DMT toxicity. Higher concentra
tions allow for the detection of dose-dependent toxicological effects, 
revealing the underlying pathways through which DMT impacts zebra
fish development.

We observed significant cardiac abnormalities after DMT exposure： 
atrioventricular spacing of the heart increased significantly，the area of 
pericardium increased significantly，the heart rate was decreased. 
Although the zebrafish heart consists of only two chambers, it shares 
numerous features with the hearts of amniotes, and various cellular and 
molecular studies highlight their common evolutionary origin (Staudt 
and Stainier, 2012). Gata4, nkx2.5 and tbx5a are important transcription 
factors for heart morphological development. Gata4, nkx2.5, tbx5a 
mutations lead to abnormalities in heart structure and function (Mazaud 
Guittot et al., 2009; Laverriere et al., 1994; Chen et al., 2019; Jiang et al., 
2020). Our experiments show that exposure to DMT induces down
regulation of transcription levels of tbx5a, nkx2.5 and gata4, which can 
lead to abnormal heart morphology (looping failure, prolonged distance 
between the atrium and ventricle). Myh6 and vmhc are expressed spe
cifically in the atrium and ventricle, and their expression patterns sub
divide the myocardial precursors into two independent groups (Bakkers, 
2011; Yelon et al., 1999; Berdougo et al., 2003). Myh6 and vmhc are 
significantly down-regulated, which may be related to the various heart 
defects, as well as pericardial edema and subsequent cell death (Yang 
et al., 2022b). Upon heart stress, nppa is strongly upregulated in the 
ventricular myocardium (Man et al., 2018). Exposure to DMT triggers 
upregulation of nppa, possibly due to stress caused by DMT to the heart. 
Therefore, after DMT exposure, the morphology and function of heart 
development are impaired, which may be related to the disorder of 
expression of genes related to heart development.

Angiogenesis plays a crucial role in cell proliferation and survival 
during embryonic development by facilitating oxygen supply (Lee et al., 
2021a). Inhibition of flt1 and flt4 inhibits angiogenesis in zebrafish 
embryonic CVP (Lee et al., 2021a). Inhibiting the expression of VEGF 

and VEGFR2 (kdr) will hinder the development of SIV and ISV 
(Jagadeeshan et al., 2017). In the early development of zebrafish, the 
yolk sac is the majority of the body, and SIV can effectively absorb nu
trients from the yolk and transport them to the embryo (Goi and Childs, 
2016). Abnormal retention of the yolk sac will inhibit the nutritional 
support of the developing organs (Langheinrich, 2003; Pinto et al., 2016; 
Lee et al., 2021b). Our results show that DMT exposure leads to inhi
bition of SIV; ISV length shortened, shape defect; DLAV, CVP, CV for
mation was impaired, and CV was absent in the highest exposure group. 
This may be due to DMT down-regulation of vascular-related gene 
expression in zebrafish.

Cell proliferation is one of the most basic processes in biological 
system, so the quantitative analysis of cell proliferation is very impor
tant in many biological applications, such as drug screening, biological 
agent production and cytotoxicity evaluation (Soobin et al., 2017). In 
the evaluation of aquatic toxicology with zebrafish as a model animal, 
the expression of ccnd1, ccne1, cdk2 and cdk6 is often used to evaluate 
whether drug exposure can affect the normal development of zebrafish. 
When cell proliferation decreases, the expression of these genes is 
down-regulated accordingly (Ates et al., 2018; Lee et al., 2020a, 2020b; 
Schall et al., 2017). Decreased expression of ccne1 and cdk2 complexes 
inhibits G1 transition to S phase, and decreased levels of 
G0/G1-associated proteins, including ccnd1 and cdk6 complexes, lead to 
inhibited progression of the cell cycle (Cui et al., 2016; Yuan et al., 
2015). Our experimental results showed that the expression of these 
genes related to cell proliferation was significantly down-regulated, and 
the results of cardiomyocyte antibodies also showed a decrease in cell 
proliferation. Based on this, we concluded that DMT leads to the 
decrease of cell proliferation during embryonic development.

Exposure to chemical toxicants increases ROS levels, disrupting the 
redox homeostasis and leading to oxidative stress (Cheng et al., 2020). 
The main evaluation indexes commonly used as oxidative stress are ROS 
level, superoxide dismutase, CAT activity and MDA content (Han et al., 
2021; Guo et al., 2019; Yan et al., 2018). The degree of oxidative stress 
in vivo can be indirectly evaluated by detecting the content of MDA in 
organisms (Del et al., 2005). CAT is an important member of the anti
oxidant defense system in almost all aerobic organisms (Gebicka and 
Krych-Madej, 2019). The expression of hmox1 responds to oxidative 
stress (Luo et al., 2022), nqo1 directly removes superoxide anion free 
radicals through redox reaction (Lee et al., 2021b; Zhu and Li, 2012). 
Increased ROS and MDA levels stimulate the activity of antioxidant 
enzyme CAT and the expression of antioxidant gene hmox1, and inhibit 
the expression of oxidative gene nqo1, thus leading to the oxidative 
stress. Oxidative stress is often associated with disruptions in the 
development of the heart, vascular system, and cell proliferation 
(Senoner and Dichtl, 2019; Du et al., 2021), which may be one of the 
causes of embryonic development defects caused by DMT exposure.

Changes in thyroid status can affect many organs and systems 
(Wagner et al., 2008). Therefore, it is critical to understand any factors 
that alter thyroid hormone levels (Babic Leko et al., 2021; van der Spek 
et al., 2017). Thyroid hormones play a pivotal role in modulating car
diac function, influencing key processes such as heart contractility, 
rhythm regulation, and vascular integrity (Pantos et al., 2008). More
over, thyroid hormones are also key regulators of the antioxidant bal
ance (Mancini et al., 2016). We used transgenic zebrafish expressing a 
fluorescent reporter gene (Tg(tg:GFP) line, which labels follicular cells) 
to evaluate the development of thyroid follicles. Confocal live imaging 
revealed that DMT exposure leads to structural disorganization in the 
thyroid follicles. This finding suggests that DMT disrupts normal thyroid 
follicle development, resulting in altered follicle structure (Yang et al., 
2021b, 2023; Wei et al., 2022). Additionally, our analysis of T3 levels in 
zebrafish exposed to DMT showed revealed a slight decrease in T3 levels 
at 0.11 mg/L, although this change was not statistically significant. This 
finding may explain the absence of significant toxicity at 0.11 mg/L, 
while higher concentrations (1.1Mmg/L) of DMT are capable of exac
erbating thyroid-related effects. This decrease in thyroid hormone may 
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indicate that DMT not only affects follicle morphology but also impairs 
thyroid hormone synthesis or regulation. In response to the observed 
effects of DMT on thyroid function, we conducted a rescue experiment 
by adding thyroid hormones in vitro. The goal was to determine if 
thyroid hormone supplementation could mitigate the DMT-induced 
toxicity. The results showed partial recovery of the toxic phenotype, 
suggesting that DMT’s effects may involve disruption of thyroid hor
mone signaling. It remains unclear whether the toxicity of DMT directly 
targets the thyroid system. Various factors may also interfere with 
hormone secretion and regulation, leading to endocrine disorders, such 
as damage to organs like the liver and kidneys, which could also affect 
the thyroid system (Marty et al., 2018; Wheeler et al., 2013). DMT 
exposure leads to damage in the follicular cells of zebrafish, affecting 
thyroid hormone levels and resulting in developmental defects in the 
heart and blood vessels, as well as deformities in the eyes, body length, 
and body shape (Fig. 7). Further research is needed to understand how 
DMT causes disruptions in thyroid hormone regulation.

5. Conclusion

In conclusion, the widespread use of DMT as a pesticide has impli
cations for the ecological safety of nontarget organisms in the environ
ment. We have demonstrated that DMT exhibits significant 
developmental toxicity in zebrafish, likely leading to developmental 
defects in the heart and vascular by disrupts normal thyroid follicle 
development. These findings provide valuable insights for the ecological 
risk assessment of DMT in environmental
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