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Forchlorfenuron (CPPU) causes disorganization of the cytoskeleton 1 

and dysfunction of human umbilical vein endothelial cells, and 2 

abnormal vascular development in zebrafish embryos 3 
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Abstract 25 

Forchlorfenuron (CPPU) has been used worldwide, to boost size and improve 26 

quality of various agricultural products. CPPU and its metabolites are persistent and 27 

have been detected frequently in fruits, water, sediments, and organisms in aquatic 28 

systems. Although the public became aware of CPPU through the exploding 29 

watermelon scandal of 2011 in Zhenjiang, China, little was known of its potential 30 

effects on the environment and wildlife. In this study, adverse effects of CPPU on 31 

developmental angiogenesis and vasculature, which is vulnerable to insults of 32 

persistent toxicants, were studied in vivo in zebrafish embryos (Danio rerio). 33 

Exposure to 10 mg CPPU/L impaired survival and hatching, while development was 34 

hindered by exposure to 2.5 mg CPPU/L. Developing vascular structure, including 35 

common cardinal veins (CCVs), intersegmental vessels (ISVs) and sub-intestinal 36 

vessels (SIVs), were significantly restrained by exposure to CPPU, in a 37 

dose-dependent manner. Also, CPPU caused disorganization of the cytoskeleton.  In 38 

human umbilical vein endothelial cells (HUVECs) CPPU inhibited proliferation, 39 

migration and formation of tubular-like structures in vitro. Results of western blot 40 

analyses revealed that exposure to CPPU increased phosphorylation of FLT-1, but 41 

inhibited phosphorylation of FAK and its downstream MAPK pathway in HUVECs. 42 

In summary, CPPU elicited developmental toxicity to the developing endothelial 43 

system of zebrafish and HUVECs. This was do, at least in part due to inhibition of the 44 

FAK/MAPK signaling pathway rather than direct interaction with the VEGF receptor 45 

(VEGFR). 46 
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 47 

Main finding 48 
 49 
Forchlorfenuron (CPPU) affected HUVECs in vitro and development of zebrafish 50 
embryos in vivo. 51 
 52 
 53 
 54 
Keywords: 55 
Toxicity; HUVECs, Blood vessels, Septin, crop growth promotor. 56 
 57 
  58 
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Introduction 59 
 60 

Some agrochemicals can affect non-target organisms during use (Barmentlo et al., 61 

2018; Rundlof and Lundin, 2019). Subsequently, repetitive use of agrochemicals can 62 

decrease biodiversity, while continuous and non-judicious use of agrochemicals can 63 

contaminate food and the environment, which are associated with exposures to and 64 

potential effects on wildlife and humans (Carvalho, 2017; Gyenwali et al., 2017; 65 

Solomon et al., 2000). In humans, exposure to pesticides has been associated with 66 

various cardiovascular diseases, such as atherosclerosis (Curl et al., 2015), 67 

cerebrovascular diseases (CVDs), myocardial infarction, and stroke (Kim et al., 2015; 68 

Lind and Lind, 2012; Sekhotha et al., 2016), which could be caused by malfunctions 69 

of endothelial cells, subsequent insufficient angiogenesis, or abnormal 70 

development/regression of blood vessels (Andjelkovic et al., 2019; Lange et al., 2016; 71 

Theodorou and Boon, 2018). However, some farmers in developing countries, often 72 

do not receive adequate training on proper usage and potential toxic effects of 73 

pesticides. This can result in excessive exposures and residues in the environment that 74 

cause undesirable consequences (Fan et al., 2015; Gyenwali et al., 2017). According 75 

to a fact sheet, from World Health Organization (WHO), endothelial dysfunction and 76 

deficiencies in angiogenesis contributed to deaths of more than 6 million people 77 

globally, and accounted for nearly 10 % of total mortality, most of which occurred in 78 

low- and middle-income countries (Deaton et al., 2017). In 2011, Chinese farmers 79 

abused forchlorfenuron (CPPU), which is a growth-promoting agrochemical, to grow 80 

larger watermelons, which in some cases exploded. These exploding watermelons, 81 
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containing excessive residues of CPPU, were chopped up and fed to fish and pigs, 82 

which aroused concern of potential future hazards of CPPU in general populations of 83 

animals and humans that would consume these agricultural products 84 

(https://www.theguardian.com/world/2011/may/17/explodingwatermelons-chinese-far85 

ming).  86 

Safety profiles and risk assessment of CPPU have been comprehensively 87 

reviewed (Arena et al., 2017). According to the US Environmental Protection Agency 88 

(US-EPA) pesticide fact sheet 89 

(https://www.epa.gov/sites/production/files/2015-04/documents/exhibit_b.pdf), CPPU 90 

is not necessarily harmless to the environment, or to animals and can, potentially 91 

affect humans. Potential hazards of CPPU to human and wildlife, including aquatic 92 

organisms, have been investigated by use of various experimental models. CPPU is 93 

known to inhibit dynamics of septin, a cytoskeletal protein, structure and function of 94 

which are highly conserved in eukaryote cells (Hu et al., 2008). In eukaryotes, CPPU 95 

inhibited fission of yeast cells budding with induction of ectopic septin structures 96 

(Iwase et al., 2004). CPPU has been reported to affect polymerization of septins, 97 

which reversibly paralyzed motility of a human blood fluke, Schistosoma mansoni, in 98 

specific stages of development (Zeraik et al., 2014). CPPU can cause cardio-toxicity 99 

in larval and adult zebrafish, as well as in mammalian cells even at concentrations less 100 

than 20 mg/L (Gong et al., 2019). Results of a 180-day, repeated-dose study, indicated 101 

CPPU disrupted production of steroid hormones and caused histopathological changes 102 

in ovaries of Sprague-Dawley rats (Bu et al., 2019). In a recent study, peripheral 103 
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blood-derived lymphocytes (PBLs), which were isolated from horses suffering from a 104 

form of eye inflammation, uveitis, that affects the middle layer of tissue in the eye 105 

wall (uvea). Thus, the horse is regarded as a spontaneous animal model for 106 

autoimmune uveitis in humans, were structural impairment of septin and an increase 107 

of migratory behavior were observed after exposure to CPPU (Wiedemann et al., 108 

2020). Inhibition of proliferation of fission yeast cells, and mammalian cells by CPPU 109 

was attributed to reduced motility of ciliated protozoan in a mitochondria-dependent 110 

pathway, but independent of septin (Heasley et al., 2014). Recently, this has resulted 111 

in another concern for unanticipated adverse effects of CPPU especially in non-target 112 

organisms. Thus, potential threats of CPPU to growth and development of aquatic 113 

organisms or humans deserved further investigation. 114 

 Under most conditions, physiological functions of endothelial cells can be 115 

disrupted by oxidative stress, inflammatory reactions, and changes in the cytoskeleton 116 

(Gimbrone and Garcia-Cardena, 2016; Kleinstreuer et al., 2011). Therefore, CPPU 117 

was identified as a putative disruptor of the vascular system (Kleinstreuer et al., 2011); 118 

but there was no experimental evidence of such a causal relationship. During 119 

laboratory incubations of both soil and natural sediment-water systems under aerobic 120 

conditions in the dark, radio isotope labeled CPPU exhibited moderate persistence in 121 

acidic (pH 5.3) soil, to greater persistence at higher pH. The half-life of CPPU varied 122 

from 15.1 to 121.3 days (Sharma and Awasthi, 2003). The major transformation 123 

product of CPPU was 4-amino-2-chloropyridine (ACP), which accounted for 60% of 124 

the applied radioactivity (AR) in soil, 6% AR in water and 14% AR in sediment, and 125 
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was more persistent than its parent CPPU (Arena et al., 2017). Based on results of 126 

studies of natural sediments and laboratory investigations of aqueous photolysis, 127 

CPPU is resistant to photolysis and predicted to accumulate in sediments (Arena et al., 128 

2017). Consequently, CPPU can frequently be detected in foods (Cao et al., 2019a; 129 

Meng et al., 2020; Shuiying et al., 2015; Xu et al., 2019) and waters (Liu et al., 2019) 130 

(Table 2). Also, CPPU has been reported to be accessible to and bioaccumulated by 131 

humans to concentrations that might cause adverse effects to agricultural workers (Shi 132 

et al., 2012; Toumi et al., 2018). Therefore, CPPU and its metabolite might remain in 133 

the circulatory system for extended periods. Since immature vasculature and 134 

endothelial system is vulnerable to insults by persistent toxicants (Cai et al., 2019), it 135 

was deemed a priority to examine effects of CPPU on endothelial function and 136 

vascular system, especially during early development.  137 

 Zebrafish are ideal animal models and widely adopted by pharmacologists and 138 

toxicologists to study vascular biology and ecotoxicity (Cassar et al., 2019; 139 

Rennekamp and Peterson, 2015; Schuermann et al., 2014). A human-derived cell line, 140 

human umbilical vein endothelial cell (HUVEC), which is sensitive to chemical 141 

insults, is a reliable cellular system to depict endothelial signaling transactions (Li et 142 

al., 2019a; Park et al., 2019b). Since the genetic control of vascular development 143 

between the zebrafish and humans is highly conserved, zebrafish in vivo and cultured 144 

mammalian endothelial cells in vitro are often used to complement each other to 145 

elucidate mechanisms underlying vascular development (Esser et al., 2017), to 146 

evaluate vascular toxicities of environmental toxicants (Wang et al., 2020; Zhong et 147 
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al., 2019b) or natural pharmaceutical products (Li et al., 2020; Yuan et al., 2018). In 148 

this study, potential toxicity of CPPU on the endothelial system of developing 149 

transgenic zebrafish expressing Tg(fli-1:eGFP) in vivo, and HUVEC in vitro was 150 

investigated. Also, the involvement of cellular signaling underlying endothelial 151 

toxicity of CPPU was further determined in HUVECs.  152 

 153 
Materials and methods 154 
 155 

Chemicals 156 

Forchlorfenuron (CPPU, 1-(2-chloropyridin-4-yl)-3-phenylurea; CAS 68157-60-8; 157 

Figure 1D) of 99% (determined by HPLC), was obtained from Lin Guo fertilizer co. 158 

LTD (Guangzhou, China). Dimethyl sulfoxide (DMSO), 1-phenyl-2-thiourea (PTU), 159 

thiazolyl blue tetrazolium bromide (MTT), endothelial cell growth supplement 160 

(ECGS), paraformaldehyde (PFA), Phenylmethylsulfonyl fluoride (PMSF), tricaine, 161 

gelatin, heparin, fluorescein phalloidin and protease and phosphatase inhibitor 162 

cocktail were purchased from Sigma-Aldrich Co (St. Louis, MO, USA). DMEM, 163 

phosphate buffered saline (PBS), and penicillin-streptomycin (PS) were purchased 164 

from Gibco (Maryland, USA). Fetal bovine serum (FBS), trypsin-EDTA and TRIzol 165 

reagent were obtained from Invitrogen (Carlsbad, CA, USA). TB ® Premix Ex Taq™ 166 

II kit was purchased from TaKaRa (Dalian, China). Growth factor reduced (GFR) 167 

MatrigelTM was supplied by BD Biosciences (Bedford, MA). Vascular endothelial 168 

growth factor (VEGF) was bought from R&D System (Minneapolis, MN). Antibodies 169 

were purchased from cell signaling technology (Danvers, MA). All other chemicals of 170 

analytical grade were purchased from local sources. 171 
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 172 

Maintenance of zebrafish and ethics statement 173 

Obtained from Zebrafish International Resource Center (University of Oregon, 174 

USA), Wild type or transgenic zebrafish Tg(fli-1:eGFP), which allows easy imaging 175 

of the endothelial cells and vascular compartment, were maintained in Institute of 176 

Chinese Medical Sciences (ICMS), University of Macau (Liao et al., 2018). Detailed 177 

information was included in supplemental section. Ethical approval 178 

(UMARE-030-2017) for zebrafish studies was granted by the Animal Research Ethics 179 

Committee, University of Macau (Gong et al., 2018).  180 

 181 

Chemical exposure and vascular structure observation 182 

Briefly, fertilized and normally developing embryos at 4 hpf were selected under 183 

a microscope, after which, they were placed into a 24-well plate, with about 20 184 

embryos per well containing 1 mL embryo medium. After treatment with various 185 

concentrations of CPPU (0.025, 0.25, 2.5, 5, and 10 mg/L), at 56 or 72 hpf, the 186 

common cardinal veins (CCVs), intersegmental vessels (ISVs) and sub-intestinal 187 

vessels (SIVs) of larvae were observed and photographed under an Olympus DSU 188 

(Disk Scanning Unit) confocal imaging system. Each treatment was performed in 189 

triplicate.  190 

 191 

Quantitative real-time PCR analyses 192 

Zebrafish embryos at 4 hpf were exposed to 2.5, 5 or 10 mg CPPU/L for 4 days. 193 

Jo
urn

al 
Pre-

pro
of



 

At 96 hpf, total RNA was extracted from 20 larvae per treatment group using TRIzol 194 

reagent (Invitrogen, Carlsbad, CA, USA) according to the protocol from manufacturer. 195 

cDNA in each treatment group was synthesized using SuperScript II Reverse 196 

Transcriptase (Invitrogen) with random primers according to the protocol we 197 

described previously (Liao et al., 2019). Real-time PCR was performed by Mx3005P 198 

qPCR system (Agilent Technologies, Santa Clara, CA, USA) using the SYBR/TB 199 

green ® Premix Ex Taq™ II kit (Takara, Dalian). The abundance of mRNA was 200 

normalized to level of a housekeeping gene, elongation factor 1 α (Ef1α), and 201 

expressed as a percentage of control (100%) for statistical analysis. Three replicates 202 

were performed. Sequences of primers for amplification of each gene are shown in 203 

Table 1 and Table S1. 204 

 205 

Cell culture, cell morphology and in vitro proliferation assay 206 

HUVEC cells were cultured in F-12 K complete media, which was supplemented 207 

with 100 µg/ml heparin, 30 µg/ml ECGS, 10% FBS and 1% P/S, and incubated in a 208 

humidified atmosphere with 5% CO2 at 37 °C. Cells of early passage (2–8 passages) 209 

were used in this study. When they had reached about 80% confluence, HUVECs 210 

were dissociated and seeded into a 96-well plate at a density of 20000 cells/well. Cells 211 

were grown at 37 °C for 24 h and exposed to a gradient of CPPU (2.5 – 80 mg/L) for 212 

another 24 h. To study cytoskeleton, morphology of HUVECs was assessed by F-actin 213 

(Fluorescein Phalloidin, isothiocyanate labeled) and nuclei (DAPI) staining. Briefly, 214 

after an incubation of 24 h, HUVECs were fixed with 4% PFA at room temperature 215 
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for 15 min, followed by 5 min treatment of 0.2% triton. Morphologies of cells were 216 

observed by use of an IX73 microscope. Cell proliferation was assessed using the 217 

MTT method. At the end of incubation, MTT solution was added to each well, 218 

followed by incubation for 4 h in dark. Then, the medium and MTT were removed 219 

and formazan crystals were solubilized by addition of DMSO. Formazan crystals, 220 

solubilized into DMSO, were recorded at 570 nm with a multi-plate reader 221 

(SpectraMax M5 Microplate Reader; Molecular Devices, San Jose, CA, USA). Cell 222 

viability (regarded as proliferation) was calculated as a ratio (%) of optical density 223 

(OD) between treated and unexposed, control cells. The IC50 was calculated by 224 

GraphPad Prism 6 statistical software (San Diego, CA, USA). For this and following 225 

experiments of HUVECs, cells receiving 0.1% DMSO only served as a control and 226 

each treatment was performed in triplicate.  227 

 228 

In vitro wound healing migration assay 229 

HUVECs in growth medium were seeded into 24-well plates pre-coated with 0.1% 230 

gelatin and grown overnight to confluence. The monolayer cells were wounded by 231 

scratching with 200 μl pipette tips and washed with PBS to remove non-adherent cells. 232 

Completed medium together with concentrations of CPPU (5, 10 or 20 mg/L) were 233 

then added to wells. After 24 h incubation, images were taken at 0 h or 24 h by use of 234 

an IX73 microscope. The scratch area was evaluated by use of ImageJ software 235 

(MRI_Wound_Healing_Tool, on-line resources). The percentage of inhibition was 236 

expressed using control wells at 100%.  237 
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 238 

In vitro Boyden chamber migration assay  239 

The Boyden chamber cell migration assay was accomplished by use of the 240 

Real-time cell analysis (RTCA) instrument. Briefly, HUVECs at 2 × 104 cells / well 241 

were added into a tailored 16-well plate, each well of which consisted of a golden 242 

chamber pre-coated with 0.2% gelatin, in 100 μL cell culture medium containing 0, 5, 243 

10 or 20 mg/L CPPU. After settled for 30 min, plate was placed in a xCELLigence 244 

instrument at 37 °C, with 5% CO2, in a humidified incubator. After incubation for 35 245 

h, the cell index (CI) values were recorded and normalized at the first time point and 246 

analysis were performed with the supplied RTCA software (version 1.2.1).  247 

 248 

In vitro tube formation assay  249 

Matrigel was thawed at 4 °C in a refrigerator overnight. Pre-chilled 96-well plates 250 

were coated with 50 μl of Matrigel per well, incubated and solidified at 37 °C for 30 251 

min. HUVECs at the density of 2 × 104 cells per well in completed F12-K medium 252 

containing 5,10 or 20 mg/L CPPU or 0.1% DMSO were placed onto the layer of gel 253 

and incubated for 2 h. The network formation was then visualized and imaged under 254 

IX73 microscope at 10 magnification. Total length of tubes was quantified by ImageJ 255 

Pro Plus software (angiogenesis analyzer tool). Values were obtained from three 256 

experiments independently.  257 

 258 

Western blot analysis 259 
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HUVECs were pre-treated with indicated concentrations of CPPU or 0.1% 260 

DMSO as control for 24 h before exposed to 50 ng/L of VEGF for 15 min (expect for 261 

one group receiving 0.1% DMSO). After that, cells were lysed for 20 min on ice with 262 

lysis buffer (Ripa with 1% saturated PMSF, 1% protease, and phosphatase inhibitor 263 

cocktail), and centrifuged. Protein concentrations in supernatants were measured 264 

using the Bradford Protein Assay Kit (Thermo fisher) and equalized before loading. 265 

After electrophoresed on 10% SDS-PAGE gel, proteins were transferred to 266 

polyvinylidene diuoride (PVDF) membranes and blocked with 5% non-fat milk. 267 

Immunoblot analysis was undertaken by incubation with antibody ERK1/2, 268 

phosphor-ERK1/2, MEK, phosphor-MEK, JNK, phosphor-JNK, FAK, phosphor-FAK, 269 

FLT, phosphor-FLT and GAPDH, respectively, overnight at 4 °C. After incubated with 270 

horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antibody (Beyotime, 271 

China), proteins were visualized by use of an ECL advanced Western blotting 272 

detection kit. Photos of protein bands were taken using Image Lab (Bio-Rad). 273 

Densitometry measurements of band intensity were performed using ImageJ. Detailed 274 

procedures were described in supplemental section. 275 

 276 

Statistical analyses 277 

All values were presented as means ± SD by use of a GraphPad Prism 6.0 278 

software (GraphPad Software Inc., La Jolla, CA, USA). Data were investigated to 279 

determine if they met the assumptions of normality by use of the by using the 280 

Shapiro–Wilks test and for homogeneity of variance by use of Levene’s test. If 281 
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necessary, data were log-transformed to approximate normality. Statistical 282 

significance of decrease/increase in fold of change was analyzed using one-way or 283 

two-way analysis of variance (ANOVA) followed by Dunnett multiple comparison 284 

test. The difference between two groups was determined by Student's t test. P values 285 

less than 0.05 were considered statistically significant.  286 

 287 

Results 288 

Effects of CPPU on rates of survival, hatching and body length of zebrafish  289 

Rates of hatching and survival and body length of zebrafish embryos/larvae were 290 

affected by exposure to 0.025, 0.25, 2.5, 5, or 10 mg CPPU/L) (Figure 1B-D). 291 

Throughout the assay, exposure to 5 mg CPPU/L did not cause significant lethality of 292 

embryos. However, when the concentration of CPPU was greater than 5 mg/L, 293 

lethality was observed at 24 hpf and after longer exposures (Figure 1B). Specifically, 294 

at 96 hpf, 10 mg CPPU/L caused 60 % mortality of larvae. Exposure to CPPU also 295 

significantly decreased the rate of hatching of embryos in a dose- and time-dependent 296 

manner (Figure 1D). When exposed to 10 mg CPPU/L, at 72 hpf, only 40% of 297 

embryos hatched. At 96 hpf, mean body lengths of larvae were approximately 5, 10 298 

and 15% less than that of the controls, after exposure to 2.5, 5 or 10 mg CPPU/L, 299 

respectively (Figure 1C). 300 

 301 

CPPU impaired growth and formation in vascular structure of zebrafish  302 

In this study, at 56 hpf, exposure to CPPU caused dose-dependent reduction in 303 
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areas of the CCVs and proportion of completed ISV (Figure 2A, 2B and 2D). In 304 

detailed, zebrafish exposed to 0.025 mg CPPU/L exhibited significantly lesser CCVs 305 

of about 30% compared to the controls (Figure 2A and 2B), while exposure to 2.5 mg 306 

CPPU/L caused 40% reduction of completed ISVs. SIVs seem more sensitive to 307 

CPPU treatment, 0.025 mg CPPU/L restrains its growth by 50% and 5 mg CPPU/L 308 

almost totally abolished its formation. In brief, in vivo, exposure to CPPU hindered 309 

the development of CCVs, ISVs and SIVs in a dose-dependent manner.  310 

 311 

CPPU affected some genes related to angiogenesis in zebrafish  312 

Exposure to 10 mg CPPU/L significantly up-regulated expressions of flt-1 and 313 

kdr, (Figure 3). No obvious alterations of expressions of mRNAs for other genes, 314 

including vegfa and kdrl were observed at any of the concentrations of CPPU (Figure 315 

3). 316 

 317 

Exposure to CPPU caused changes in the cytoskeleton of HUVECs 318 

Actin filaments are major components of cytoskeletons and are involved in 319 

essential cell processes, such as motility and adherence, maintaining normal functions 320 

of endothelial cells. Here, effects of exposure to CPPU on organization of actin 321 

filaments in HUVECs were determined. Results of immunocytochemistry revealed 322 

that exposure to CPPU significantly reduced volumes of cells (Figure 4A). Exposure 323 

to CPPU also resulted in greater accumulations of actin in cells, in a dose-dependent 324 

manner (Figure 4A, yellow arrowheads indicated). 325 
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 326 

Exposure to CPPU inhibited proliferation, tube formation and migration in 327 

HUVEC cells in vitro 328 

Toxicities of CPPU to endothelial cells were further verified by exposing CPPU 329 

to human umbilical vein endothelial cells (HUVEC) in vitro. Mean survival curves 330 

were obtained by measuring HUVECs’ viability using MTT assay, from which an IC50 331 

value of 24.6 mg CPPU/L was estimated (Figure 4B). Formations of tubes is also 332 

required for angiogenesis and development of the vascular system. Structures of 333 

tubules in wells exposed to CPPU were incomplete with fewer branch points and 334 

shorter lengths of tubes (Figure 4D, yellow arrowheads indicated). Specifically, in 335 

HUVEC cells, CPPU was a potent inhibitor of tube formation, by about 90% at 336 

concentrations greater than 10 mg CPPU/L (Figure 4C).  337 

Migrations of cells is a step in endothelial function and angiogenesis, inhibition 338 

of which could lead to insufficiency angiogenesis and cause dysfunction of the 339 

vasculature. CPPU inhibited horizontal migration in a scratch-wound assay with 340 

HUVEC cells, of between 30 and 60% inhibition when exposed to 10 or 20 mg/L, 341 

respectively (Figure 5A, 5B). Vertical migration of HUVEC cells, as determined by 342 

Boyden Chamber migration assay, was affected in a dose-dependent manner when 343 

exposed to CPPU (Figure 5C). Quantitative determination of migrated cells, measured 344 

as the impedance and expressed as the cell index, showed a significant inhibitory effect 345 

at or concentrations greater than 10 mg CPPU/L (Figure 5C). Results of in vitro 346 

exposures of HUVEC cells to CPPU, caused inhibition of key steps including 347 

Jo
urn

al 
Pre-

pro
of



 

proliferation, migration and tube formation involved in angiogenesis, which suggested 348 

compromising of normal functions of vascular endothelial cells.  349 

 350 

CPPU inhibited activation of FAK-MAPK pathway while increased 351 

phosphorylation of FLT-1 in VEGF treated HUVECs  352 

Once initiated by activation of VEGF receptors by binding with its ligand, 353 

vascular endothelial growth factor receptor (such as FLT-1), FAK and its downstream 354 

MAPK signaling components such as MEK, ERK, and JNK can be activated to 355 

promote angiogenic processes, including cellular proliferation, migration and 356 

differentiation to form tube-like structure. Phosphorylation of FLT-1, FAK, MEK, 357 

ERK, and JNK in HUVEC cells were dramatically increased after being stimulated 358 

with VEGF (Figure 6-7). While treating HUVEC cells with CPPU, obviously 359 

inhibited VEGF mediated phosphorylation of FAK, MEK, ERK and JNK (Figure 6A 360 

and B, Figure 7A-D), with levels of total forms of each signaling pathway 361 

components almost unchanged (Figure 6A and 7A). These results suggested that 362 

CPPU inhibited the activation of FAK - MAPK signal transduction pathway. 363 

Moreover, CPPU significantly enhanced phosphorylation of FLT-1 in VEGF treated 364 

HUVEC cells (Figure 6A and 6C). 365 

 366 

Discussion 367 

As more and more etiologically unknown malfunctions of endothelial cells have 368 

occurred, consequent diseases, such as chronic wounds, ischemic attacks and 369 
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ischemic heart disease, have been more frequently diagnosed. Toxicities of several 370 

emerging environmental contaminants, including nanoparticles (Mostovenko et al., 371 

2019), flame retardants, pesticides, had been determined to injure the vascular system 372 

of zebrafish or HUVECs, and a majority of which, such as nanoparticles, arsenic (Cai 373 

et al., 2019), arsenite (Xu et al., 2017), chromium (Cao et al., 2019b), microcystin-LR 374 

(Wang et al., 2019), triclosan (Zhang et al., 2019), paraquat (Pang et al., 2019), 375 

endosulfan (Zhang et al., 2017) and fipronil (Park et al., 2019b), can impair vascular 376 

endothelial function by causing apoptosis and oxidative stress. So far VEGF pathway 377 

has been regarded as the most important signaling for vascular development. Indeed, 378 

BDE-47 (Xing et al., 2018), BDE-99 (Zhong et al., 2019a), TDCPP (Zhong et al., 379 

2019b), mixture of ioxynil and diethylstilbestrol (Li et al., 2019b), flufenoxuron (Park 380 

et al., 2019d), etoxazole (Park et al., 2019a) and bifenthrin (Park et al., 2019c) disturb 381 

the angiogenic process via suppressing expression of genes flt-1, flt-4, kdr, kdrl, vegfc, 382 

and vegfa, involved in VEGF–VEGF receptor (VEGFR) signaling pathway. There are 383 

four genes encoding VEGF receptors in zebrafish, and VEGFR-1 (flt-1) and 384 

VEGFR-2 (flk-1/kdr and kdrl) are mainly expressed in vascular endothelial cells, 385 

which mediated most of the angiogenic processes (Bussmann et al., 2008). Therefore, 386 

suppressing expressions of these genes or encoding proteins poses risks to vascular 387 

systems (Li et al., 2014). Contrarily, in zebrafish, CPPU induced no downregulation 388 

of VEGF related genes but significantly upregulated expression of mRNA for flt-1 389 

and kdr (Figure 3). We surmised that these upregulation were attributed to a feedback 390 

mechanism (Lam et al., 2012), implying an insufficient angiogenesis in zebrafish and 391 
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a compensation for such deficiency. In concordance, exposure to CPPU also 392 

up-regulated expression of upstream effector FLT-1 (VEGFR-1) in HUVECs (Figure 393 

6A and 6B), together suggested activation of compensatory angiogenic effects.   394 

Angiogenesis requires tightly regulated homeostatic mechanisms (Li et al., 395 

2019a), and impaired induction of new sprouts, failures of coordination and direction 396 

of endothelial cell proliferation, migration and lumen formation can cause toxicity to 397 

endothelial cells (Carrillo et al., 2019; Zhang et al., 2018). Results of previous studies 398 

have suggested that stimulation of VEGF promotes survival of endothelial cells, 399 

proliferative and migratory behaviors, maintaining endothelial functions and 400 

indispensable angiogenesis (Kuida and Boucher, 2004). Considering that CPPU 401 

caused no interactions with VEGF receptors, further investigations into whether it 402 

affected their downstream effectors or not were conducted. As downstream cascades 403 

of VEGF receptor, mitogen activated protein kinase (MAPK, including ERK, p38 and 404 

JNK) signaling is critical to VEGF-mediated migratory behaviors and angiogenic 405 

processes. Among them, both ERK1/2 and JNK are key components in the cascade of 406 

intracellular signaling pathways, which are found to be necessary for 407 

VEGF-dependent survival, proliferation, migration and tube formation of endothelial 408 

cells (Uchiba et al., 2004). Therefore, casual or chronic suppression of these 409 

components, through environmental contamination or crop production agents, some 410 

of them might not affect upstream receptors, should post potentially pose risks to the 411 

vascular system (Sun et al., 2019; Tait et al., 2015). However, there have been few 412 

studies focused on such relationship. Previous study indicated septin 7 protein 413 
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interacted with ERK at C-terminus tail and absence of septin 7 abolished the ability of 414 

ERK to promote migration. In this study, CPPU inhibited functions of septins and 415 

phosphorylation of downstream effectors (MEK/ERK/JNK) rather than VEGF 416 

receptors, resulting in defects of migratory behavior and causing toxicity to vessels. 417 

We also examined other downstream signaling after VEGF simulation, such as 418 

PI3K/Akt pathway (Sun et al., 2019), but found no alterations (Figure S1). 419 

Normal cytoskeleton is involved in cellular processes including motility, 420 

adherence, vesicular traffic and cell division, thus is crucial in maintaining the 421 

endothelial function and healthy angiogenesis (Carrillo et al., 2019; Kleinstreuer et al., 422 

2011). Recently, cylindrospermopsin was found to impair cytoskeleton of HUVECs 423 

and promote apoptosis by the Rho/ROCK signaling pathway, resulting in abnormal 424 

vascular development (Wang et al., 2020). Actin filaments are major components of 425 

cytoskeleton, which influence septin assembly into different structures, such as ring or 426 

filament. In contrast, septin was found to be associate with machinery of filamentous 427 

actin, and control actin polymerization. Dysfunctions of septin protein fail to promote 428 

polymerization of actin, thereby attenuate actin bundles, which causes destruction of 429 

cytoskeleton and irregular distribution/accumulation of actin. Since associations 430 

between actin and septin protein regulate cell adhesion and cell motility, paclitaxel 431 

(taxol), a well-known inhibitor of actin, injures cytoskeleton, angiogenesis and 432 

endothelial systems (Belotti et al., 1996). Knowing that CPPU is an inhibitor of septin 433 

(Sun et al., 2019), we did observe that CPPU reorganized the endothelial cytoskeleton, 434 

induced abnormal distribution of actin on the cell periphery, greatly lessened the cell 435 
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volume and cytoplasm, reduced cell adhesion and motility, which should trigger 436 

toxicity to vascular system. Another important issue of cytoskeleton dynamic is focal 437 

adhesion proteins, such as focal adhesion kinase (FAK), which has been described as 438 

an important regulator of cell motility, adhesion and migration in endothelial cells 439 

(Carrillo et al., 2019; Sun et al., 2019). In FAK gene knockout mice, early embryonic 440 

lethality with extensive cardiovascular defects have been observed (Peng et al., 2008). 441 

Our results also found reduced phosphorylation of FAK upon CPPU exposure, 442 

strongly correlated toxicity of CPPU to dysfunctions of endothelial cytoskeleton and 443 

adhesion proteins, rather than inhibition of VEGF receptors.  444 

Currently the importance of maintaining vascular health, as well as ubiquity and 445 

accessibility of vascular disruptors are becoming more and more apparent, and any 446 

potential risks to blood vessels should be addressed. In general, plant growth 447 

regulators and food additives were regarded as safe during their applications (Qian et 448 

al., 2018). However, because of their potential bioaccumulation, their safe limits to 449 

the environment and human beings are less than previously thought. Since CPPU is 450 

extensively applied during modern agricultural production and accessible to humans, 451 

through farming practices or fruits in market (Shi et al., 2012; Xu et al., 2019), its 452 

environmental risks and toxicity to vascular systems are apparent. Although 453 

assessments of hazards of CPPU and its metabolite ACP had identified low risk of 454 

ecotoxicity in soil, surface water and sediment, their pesticidal activity in groundwater 455 

is effective and toxicological relevance (Arena et al., 2017). Currently, based on 456 

results of a 2-year study of mice, the agreed acceptable daily intake (ADI) is 0.05 457 
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mg/kg body mass (bm) per day, while the agreed acute reference dose (ARfD), based 458 

on skeletal variations in the rabbit teratology study, is 0.5 mg/kg bm and the 459 

acceptable operator exposure level (AOEL), based on results of a 90-day study of rats 460 

is 0.16 mg/kg bm per day, and the agreed acute acceptable operator exposure level 461 

(AAOEL) is 0.5 mg/kg bm (Arena et al., 2017). Although further details on toxic 462 

potency to mammals are still needed, for CPPU, its excessive residues have been 463 

detected in different fruits in china (Shuiying et al., 2015), which might be attributed 464 

to lax and mistaken agricultural practices. During mixing, loading, spraying, cleaning 465 

up spills, maintaining equipment and when entering treated areas, workers might be 466 

exposed to CPPU (Arena et al., 2017). Considering CPPU treatment potentially 467 

caused exploding of watermelons, and was detrimental to the cardiovascular system 468 

of zebrafish, even humans (Gong et al., 2019), its agricultural practice should be 469 

normalized, and its residues should be strict supervision. In addition, use of face 470 

shields or goggles, gloves, and protective clothing is required when opening the 471 

container and preparing spray. Applications and risk assessment of CPPU were well 472 

characterized on kiwi fruits and grapes but needed completion regarding watermelon. 473 

Although there is still a huge data gap between human and experimental animals, 474 

adverse findings in animal species are assumed to represent potential effects in 475 

humans. Study on zebrafish do reveal potential risks to ecology, and likely, human 476 

hazard (Cassar et al., 2019; Rennekamp and Peterson, 2015).  477 

 478 

Conclusions 479 
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 In summary, effects involving disorganization of cytoskeleton and FAK-MAPK 480 

signaling pathway underlying vascular toxicity of CPPU was observed. Although 481 

CPPU exhibited no inhibition to VEGF receptor and its encoding genes in zebrafish, it 482 

disrupted endothelial cell cytoskeleton with inhibition of downstream FAK-MAPK 483 

signaling in HUVECs. In addition, this study underscores putative hazards of 484 

cytoskeletal disrupters and proposes adverse potential degradation of water quality by 485 

CPPU runoff associated with risks, including environmental safety by its ubiquitous 486 

exposure and human health by the consumption of the contaminated fruits or the fish 487 

products in the contaminated aquatic system.  488 
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 501 

Figure Legends 502 

503 

  504 

Figure 1. Effects of exposure of zebrafish embryos to CPPU for 96 h. (A) Chemical structure 505 

of CPPU. (B) Survival rate at 24, 48, 72 and 96 hpf, (C) Body length at 96 hpf and (D) 506 

Hatching rate at 48, 56, 72 hpf were recorded after different concentrations of CPPU 507 

treatment (0.025, 0.25, 2.5, 5 and 10 mg/L). Data are plotted as means ± SD (n = 12-18). Each 508 

treatment was performed in triplicate. *, P < 0.05, **, P < 0.01 and ***, P < 0.001 versus 509 

blank control group. 510 

 511 

 512 
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 516 

 517 

Figure 2. Effects of CPPU on vascular development of transgenic zebrafish Tg(fli-1:eGFP). 518 

(A) Representative images of CCVs, SIVs and ISVs after various drug treatments at 56, 72, 519 

56 hpf. Yellow arrows indicate structures of CCVs and SIVs, and yellow stars indicate 520 

uncompleted ISVs. (B-D) CCV, SIV vascularized areas and completed ISV proportion were 521 

quantified in control and various exposures of zebrafish larvae to CPPU. Data are presented 522 

as mean ± SD. n = 12–18. Each treatment was performed in triplicate. *, P < 0.05 **, P < 0.01 523 

and ***, P < 0.001 versus blank control group. 524 

 525 
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 526 

Figure 3. CPPU exposure altered expression of genes related to vascular growth and remodeling. 527 

Expression of mRNA for vegfa, flt1, kdr and kdrl in zebrafish larvae exposed to vehicle control, 528 

2.5, 5 and 10 mg/L CPPU at 96 hpf. Data are presented as mean ± SD. n = 3. *, P < 0.05 and ***, 529 

P < 0.001 versus blank control group. 530 

 531 
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 535 

Figure 4. CPPU-induced rearrangement of cytoskeleton, inhibited proliferation, and formation of 536 

tubular-like structures in HUVECs in vitro. (A) Representative photographs of fluorescence 537 

immunocytochemistry of actin in control (DMSO) or treated with CPPU for 24 h. (B) 538 

Representative survival curve of HUVECs in presence of increasing concentrations of CPPU for 539 

24 h. IC50 = 24.6 mg/L. Values are means ± SD. n = 3. The IC50 was calculated using 540 

Prism 6 with nonlinear regression (curve fitting). (C) Quantitative analysis of the total 541 

length of branches as percentage compared to lengths in untreated controls. (D) 542 

Representative photographs of HUVECs tube formation on Matrigel at various 543 

concentrations of CPPU. Data are presented as mean ± SD. n = 3. **, P < 0.01 versus 544 

blank control group. Yellow arrows indicate accumulation of actin and tubular 545 

branches, respectively. 546 
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 548 

 549 

Figure 5. Inhibition of migration in HUVECs by in vitro exposure to CPPU. (A) Representative 550 

photographs of migration of HUVECs (wound healing assay) at 0 or 8 h when exposed to 5, 10 or 551 

20 mg CPPU/L or control (DMSO) conditions. (B) Quantitative analysis of migration areas in the 552 

wound healing assay after 8 h at each concentration. (C) Changes in impedance across HUVECs 553 

monolayer were measured by the xCELLigence Real-time cell analysis (RTCA) system to 554 

evaluate vertical migration ability (Boyden Chamber assay) after exposure to CPPU for 35 h. Cell 555 

Index values were represented as numbers of migrated cells. Data are presented as mean ± SD. n = 556 

3. *, P < 0.05 and ***, P < 0.001 versus blank control group. 557 

  558 
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 561 

Figure 6. CPPU decreased phosphorylated FAK while increasing phosphorylated levels of FLT-1 562 

in VEGF stimulated HUVECs in vitro. (A) Representative Western blot images of phosphorylated 563 

and total forms of FAK and FLT-1 1 in HUVECs control (DMSO) or treated with CPPU for 24 h. 564 

Quantification of phosphorylated FAK relative to total FAK (B), phosphorylated FLT-1 relative to 565 

total FLT-1 signal (C) in Western-blot photographs. Data are presented as mean ± SD. n = 3. #, P < 566 

0.05; ##, P < 0.01 versus blank control group. *, P < 0.05 and **, P < 0.01 versus vehicle (VEGF 567 

treatment) group. 568 
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 570 

Figure 7. CPPU inhibited the MAPK signal transduction pathway in VEGF stimulated HUVECs 571 

in vitro. (A) Representative Western blot images of phosphorylated and total forms of ERK, MEK, 572 

JNK in HUVECs control (DMSO) or treated with CPPU for 24 h. Quantification of 573 

phosphorylated (B) ERK, (C) MEK, (D) JNK relative to their respectively total forms in 574 

Western-blot photographs. Data are presented as mean ± SD. n = 3. ##, P < 0.01 and ###, P < 575 

0.001 versus blank control group. *, P < 0.05; **, P < 0.01 and ***, P < 0.001 versus vehicle 576 

(VEGF treatment) group. 577 

 578 
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 585 

Table 1. Primers used in quantitative RT-PCR. 586 

Prime Sequence 

vegfa forward 5’-TGTAATGATGAGGCGCTCGAA-3’ 

vegfa reverse 5’-AGGCTCACAGTGGTTTTCTT-3’ 

flt-1 forward 5’-AACTCACAGACCAGTGAACAAGATC-3’ 

flt-1 reverse 5’-GCCCTGTAACGTGTGCACTAAA-3’ 

kdr forward 5’-CAAGTAACTCGTTTTCTCAACCTAAGC-3’ 

kdr reverse 5’-GGTCTGCTACACAACGCATTATAAC-3’ 

kdrl forward 5’-GACCATAAAACAAGTGAGGCAGAAG- 3’ 

kdrl reverse 5’-CTCCTGGTTTGACAGAGCGATA-3’ 

elfα forward 5’-GCTCAAACATGGGCTGGTTC-3’ 

elfα reverse 5’-AGGGCATCAAGAAGAGTAGTACCG-3’ 

 587 

Table 2. Summary of concentrations of CPPU detected in various matrices. 588 

Samples Sample with CPPU 

residue / Total samples 

Concentrations 

levels 

References 

Cucumber 9/20 2.0-23.5 

mg/kg (mg/L) 

Cao et al., 2019a; 

Meng et al., 2020 

Watermelon 7/20 0.125-10.8 

mg/kg (mg/L) 

Meng et al., 2020; 

Shuiying et al., 2015 

Bean sprouts 5/20 0.79-7.27 

μg/kg (μg/L) 

Cao et al., 2019a; 

Water a 4/20 0.214-0.725 Liu et al., 2019b 

Jo
urn

al 
Pre-

pro
of



 

ng/L 

a. Bottom water and surface water of Jiulong River Estuary 589 
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Highlights： 

 
CPPU induced abnormal vascular development in zebrafish embryo. 
 
CPPU inhibited FAK/MEK/ERK/JNK phosphorylation in HUVECs. 
 
Toxicity of CPPU correlated to impairments of cytoskeleton and migratory signaling.  
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