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11 ABSTRACT

12 DCOIT (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one) is the main active ingredient in an 

13 emerging water environment antifoulant, the toxicity and environmental impacts of which need to 

14 be further investigated. Thus, this study examined the toxicity of DCOIT on Nile tilapia 

15 (Oreochromis niloticus), including its effects on behavior, respiration and energy metabolism as 

16 well as the role of endoplasmic reticulum stress (ER stress) in mediating its toxicity and metabolic 

17 changes. The changes in fish behavior, respiration, neuronal signal transmission, energy 

18 metabolism, ER stress, and liver histology were examined via acute (4 days) and chronic (28 days) 

19 exposures to 0, 3, 15, 30 μg/L DCOIT in vivo. Additionally, ER stress levels were measured in 24-

20 h periods of hepatocyte exposure to 0, 3, 15, 30 and 300 μg/L DCOIT in vitro. The hyper-

21 locomotor activities decreased, but the respiration rate increased after a 4-day acute exposure 

22 period, indicating that DCOIT exposure altered fish energy metabolism. After acute exposure at a 

23 low DCOIT concentration, the activation of ER stress induced triglyceride accumulation in the 

24 liver. After chronic exposure for 28 days, the prolonged ER stress induced a series of pathological 

25 cellular changes. At the cellular level, exposure to a high DCOIT concentration induced ER stress 

26 in the hepatocytes. In addition, as a neurotoxin, DCOIT has the potential to disrupt the 

27 neurotransmission of the cholinergic system, resulting in motor behavior disruption. This study 

28 demonstrates that DCOIT plays a role in time- and concentration-dependent toxicity and that 

29 changes in lipid metabolism are directly related to endoplasmic reticulum function after exposure 

30 to an antifouling agent. This work advances the understanding of the toxic mechanism of DCOIT, 

31 which is necessary for its evaluation.

32 Keywords: DCOIT; ER stress; metabolism; behavior; respiration



ACCEPTED MANUSCRIPT

33

34 Capsule: This study demonstrates a direct connection between ER function and changes in lipid 

35 metabolism with the exposure of fish to an antifouling agent.
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36 1. Introduction

37 Biofouling is the undesired colonization of marine organisms on anthropogenic surfaces and 

38 can result in tremendous economic costs and various ecological disturbances (Pollack, 2014). 

39 SeaNine211 is a new marine antifouling agent that was introduced after organotin-based 

40 antifouling paints were banned due to their bioaccumulation, high persistence, and potential 

41 toxicity to non-target organisms (Readman, 2006). SeaNine211, having the active biocide DCOIT 

42 (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one) as the main ingredient, has been marketed as an 

43 environmentally acceptable alternative to replace organotin because DCOIC can degrade rapidly 

44 and has high antifouling activity (Jacobson and Willingham, 2000). However, in the past decade, 

45 DCOIT has been shown to also accumulate in a water environment and have toxic effects on 

46 marine animals (Konstantinou and Albanis, 2004; Thomas and Brooks, 2010), suggesting a need 

47 for further research on its toxicity and environmental impacts before commercialization.

48 Approximately 3.3 μg/L of SeaNine211 has been detected in the seawater around Spanish 

49 marinas (Martínez et al., 2000). Previously published literature has shown that a low level of 

50 SeaNine211 can inhibit ATP synthesis in rat liver mitochondria (Bragadin et al., 2010), indicating 

51 a potential relationship between DCOIT and energy metabolism. DCOIT can also suppress 

52 immunity in tunicate hemocytes (Cima et al., 2008), induce liver oxidative stress, decrease brain 

53 acetylcholinesterase (AChE), disrupt plasma sex hormone homeostasis in adult marine medaka 

54 (Oryzias melastigma), and reduce medaka reproduction (Chen et al., 2014a), which may be 

55 associated with energy metabolism. The toxic effects of DCOIT exposure on adult marine medaka 

56 may be due to the binding of DCOIT to Gα proteins, causing competitive inhibition of its 

57 activation of the substrate (Chen et al., 2017). The endocrine interference effects of DCOIT have 
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58 been proven to interfere with the estrogenic mechanisms of the hypothalamus-pituitary-gonadal-

59 liver (HPGL) axis in medaka (Chen et al., 2016). Thus, the toxicological effect may be related to 

60 the regulation of energy metabolism. Therefore, its influence on energy metabolism is an 

61 important index for the evaluation of DCOIT toxicity; however, relevant information on this topic 

62 is limited. 

63 The endoplasmic reticulum (ER) is responsible for protein and lipid synthesis, xenobiotic 

64 detoxification and cellular calcium storage (Görlach et al., 2006) and may thus play a functionally 

65 important role in the energy metabolism of animals (Lee et al., 2008). Disruption of ER 

66 homeostasis can lead to the accumulation of misfolded and unfolded proteins, create ER stress, 

67 and induce the unfolded protein response (UPR) in the ER lumen. The occurrence of UPR is often 

68 accompanied by higher expression levels of ER-resident chaperones, such as GRP78/BiP and 

69 CRT (Choi et al., 2010). Three UPR branches, including the PERK-eIF2α pathway, IRE1α-XBP1 

70 pathway, and ATF-6 pathway, are usually activated when animal cells are subjected ER stress. 

71 Previously published studies have shown that in mammals, liver metabolism changes are often 

72 associated with ER stress and UPR due to the regulation of lipogenesis transcriptional expression 

73 (Zhou et al., 2012). ER stress has been found to be accompanied by liver lipid metabolism 

74 changes in yellow catfish (Pelteobagrus fulvidraco) under ambient copper exposure and is a major 

75 factor underlying many toxicological responses (Song et al., 2016). TBT exposure has caused ER 

76 stress in Chinese rare minnow larvae (Gobiocypris rarus) (Li and Li, 2015) and in a zebrafish 

77 (Danio rerio) model in vitro and in vivo (Komoike and Matsuoka, 2013). Exposure to some heavy 

78 metals, such as waterborne Cu (Song et al., 2016) and Pb2+ (Zhu et al., 2013), can induce ER 

79 stress in yellow catfish (P. fulvidraco) and grass carp (Ctenopharyngodon idellus), respectively. In 
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80 fish, although DCOIT bioaccumulation and its effects on liver oxidative stress, the endocrine 

81 system, reproduction, and cranial nerve development have been extensively studied, it is not clear 

82 whether DCOIT exposure triggers an ER stress response in fish (Chen et al., 2014a; Chen et al., 

83 2014b).

84 Nile tilapia (Oreochromis niloticus) is widely distributed in tropical freshwater and brackish 

85 water throughout the world and has great economic value. This species is a suitable animal model 

86 for toxicity and energy metabolism assessment due to its easy handling, culture and maintenance. 

87 Previously published studies have shown that DCOIT can reach levels of 3 μg/L in the 

88 environment; however, its concentration would increase even more as a result of the 

89 commercialization of DCOIT as an antifoulant. Tilapia were exposed to 0, 3 (environment 

90 concentration), 15, or 30 μg/L DCOIT for 4 and 28 days in vivo, and tilapia hepatocytes were 

91 exposed to 0, 3, 15, 30, 300 μg/L DCOIT for 24 h in vitro. After exposure, the tilapias’ behavior, 

92 respiration rate, morphological and biochemical indicators were measured. The expression levels 

93 of key ER stress genes (GRP78, CRT, PERK, ATF-6α, IRE-1α) were measured in the liver tissue 

94 after acute and chronic DCOIT exposure in vivo and after hepatocyte exposure in vitro. This study 

95 hypothesized that acute and chronic exposure to DCOIT at different concentrations would lead to 

96 changes in tilapia behavior, respiration rate and energy metabolic indicators and that ER stress can 

97 mediate toxicity and metabolic changes caused by DCOIT.

98 2. Materials and methods

99 2.1. Preparation of exposure solution 

100 DCOIT (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one, purity >99%) was purchased from 
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101 Wuhan Yuancheng Gongchuang Technology Co., Ltd. (CAS number 64359-81-5). DCOIT was 

102 dissolved in ethanol, and triethylene glycol was then added to make the stock solution at a final 

103 ethanol: triethylene glycol ratio of 3: 7. There were four concentrations for each stock reagent: 0, 

104 0.1, 0.5 and 1 mg/mL. The solutions for exposure were prepared by adding 450 μL of each stock 

105 solution to 15 L freshwater to yield the final concentrations of 0, 3 (concentration of the 

106 environment), 15 or 30 μg/L. The selection of exposure concentrations in this study was based on 

107 the report of DCOIT concentration in the seawater of marinas around Spain, which was reported 

108 to be approximately 3.3 μg/L (Martínez et al., 2000). During exposure, the DCOIT concentration 

109 was measured by a reverse-phase HPLC system (Agilent 1200) equipped with an Agilent C18 

110 column (150 mm  4.6 mm, 5 μm) and a photodiode array detector. The concentrations of the 

111 DCOIT solutions were calculated using the peak area at 280 nm (retention time: 3.644 min) 

112 against the standard curves. The DCOIT recovery efficiency was 97.37% with a detection limit of 

113 0.2 mg/kg. The exact DCOIT concentrations of the test solutions measured by HPLC were 0, 2.92, 

114 14.60, and 29.21 μg/L, which was in correspondence to the nominal values of 0, 3, 15, 30 μg/L, 

115 respectively.

116 2.2. Fish, hepatocyte isolation, DCOIT exposure and sampling 

117 Juvenile Nile tilapia (O. niloticus) were obtained from a local farm in Guangzhou, China. 

118 After 2 weeks of acclimation, the tilapia (4.88 ± 0.19 g) were randomly divided into four groups 

119 (0, 3, 15 and 30 μg/L DCOIT) in glass tanks (40 × 23 × 25 cm) with six replicates of 11 tilapia per 

120 tank. Three tanks of each group were used for acute exposure (4 days), and the other three were 

121 used for chronic exposure (28 days) in vivo. The photoperiod was 12 h light and 12 h dark, and the 

122 temperature was 25 ± 1 ℃. All of the water was replaced twice a day with aerated freshwater to 
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123 maintain the targeted DCOIT concentrations in each treatment. Tilapia in the chronic exposure 

124 groups were fed twice a day at 08:00 h and 20:00 h with a commercial diet at 4% body weight, 

125 while fish in the acute exposure groups were deprived of food. Fish were sampled on day 4 after 

126 exposure in the acute treatment groups and on day 28 in the chronic treatment groups. Three fish 

127 from each tank were randomly selected for oxygen consumption determination by an oxygen 

128 meter (Strathkelvin Instruments, England) (Iwama et al., 2010), and another three tilapia from 

129 each tank were assessed for motor activity (Zebracube, France viewpoint). All other tilapia were 

130 anesthetized with 0.03% MS-222 for sampling. The livers of two fish per tank from the chronic 

131 treatment groups were selected for histological measurement. Blood samples from each fish were 

132 collected from the caudal vein with a 1% heparinized syringe. Tissues, including brain, muscle 

133 and liver, were sampled and immediately frozen in liquid nitrogen at −80 °C until analysis. The 

134 blood samples were stored at 4 °C overnight and centrifuged at 3000 rpm for 5 min at 4 °C to 

135 isolate the plasma, which was then stored at −80 °C. All experiments complied with the standard 

136 protocols for the Care and Use of Laboratory Animals at East China Normal University (animal 

137 ethics approval number: F20140101).

138 Tilapia liver was used for hepatocyte isolation. Liver from tilapia was cut into 1 mm3 pieces 

139 and placed in 0.25% sterile collagenase type 4 for digestion at 28 ℃ on a shaker for 1.5 h. The cell 

140 suspension was gathered and then filtered twice with nylon sieves for hepatocyte isolation. The 

141 liver hepatocytes were then further collected into 50-ml sterilized centrifuge tubes, centrifuged at 

142 the low-speed of 800 rpm for 10 min, and washed twice with Dulbecco’s Modified Eagle’s 

143 Medium (DMEM) for debris removal and twice with a blood cell lysis buffer for erythrocyte 

144 removal. Cells were dispatched to Petri dishes containing DMEM and 10% fetal bovine serum 
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145 (FBS) and then kept at 28℃ in an incubator with 5% CO2 for 12 h until a confluent cell monolayer 

146 was formed. Hepatocytes were divided into five groups (0, 3, 15, 30 and 300 μg/L DCOIT) on 

147 sterile 6-well plates, with eight replicates of 107 hepatocytes per well. After 24 h of exposure, the 

148 cells were harvested and immediately stored in liquid nitrogen at − 80 °C prior to target gene 

149 expression analysis.

150 2.3. Behavior test 

151 Three fish per tank were placed into the Zebracube video system (ViewPoint Life Sciences) 

152 to record any tilapia behavioral changes, and the level of fish activity was analyzed at 5 min 

153 intervals for 20 min with the illumination level in the chamber set at 80%. The moving speed was 

154 set at two values: 1 m/s and 5 m/s. When the swimming speed was <1 m/s, it was regarded as less 

155 flexible and displayed as white; when it was between 1 m/s and 5 m/s, it was regarded as normal 

156 and displayed as green, while speeds >5 m/s were regarded as hyper-locomotive activities and 

157 displayed as red. The trajectory is represented by white, green and red lines in a PNG image file. 

158 The movement times, frequencies and distances at the three swimming speeds were recorded 

159 every 5 min and saved in an EXCEL file.

160 2.4. Biochemical and molecular assays 

161 The plasma, muscle, brain and liver tissues of nine samples per treatment (three fish per tank) 

162 were retrieved from liquid nitrogen and thawed on ice. The levels of glucose, lactic acid, pyruvic 

163 acid and triglyceride (TG) in the plasma, muscle and liver and the total protein and acetyl 

164 cholinesterase (AChE) activities in the brain were assessed using assay kits according to the 

165 manufacture’s protocol (Nanjing Jiancheng Bio-engineering Institute, China) with three replicates 
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166 per sample. Except for plasma, these activities were determined in the homogenate tissues 

167 according to the specifications.

168 All gene expression quantification in this study was determined by using real-time 

169 quantitative PCR (RT-qPCR) with a Bio-Rad CFX96 Real-Time PCR system (BioRad, USA). In 

170 the in vitro experiment, six livers from each group were used to determine mRNA levels (n=6). 

171 RNA extraction and purification, first-strand cDNA synthesis, and qPCR assays were performed 

172 as instructed by the protocol. Only live hepatocytes were used to determine mRNA levels (n=6). 

173 The primers were adopted from NCBI Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/primer 

174 -blast/). The β-actin gene was used to normalize the target genes. Calculations were performed 

175 using the 2 –ΔΔT method. Some of the fold changes were ln-transformed to produce symmetrical 

176 values and for further data analysis.

177 2.5. Liver histology 

178 Two fish livers from each tank under chronic exposure were selected for histological 

179 analysis. The livers were extracted from the fish abdomen and immediately placed into a 

180 centrifuge tube containing a 4% paraformaldehyde solution. The livers were then dehydrated with 

181 methanol, cleared with chloroform and, finally, embedded in melted paraffin for sectioning into 5-

182 μm-thick slices using a rotary microtome (Leica RM2125, Germany). Hematoxylin and eosin 

183 (H&E) were used to stain all sections obtained. The segmented tissues were examined and 

184 photographed on a microscope (Olympus, model BX51, Tokyo, Japan).

185 2.6. Data analysis 

186 Levene’s test was used for the homogeneity of variances, and the Shapiro-Wilk test was used 
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187 for normal distributions, followed by one-way analysis of variance (ANOVA) using IBM SPSS 

188 Statistics 19 software. When a significant difference was identified, the difference between 

189 treatments was compared using Tukey’s multiple range test. Significant differences were set at P 

190 < 0.05. All data are presented as the mean ± SEM. All figures were prepared using GraphPad 

191 Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

192 3. Results 

193 3.1. Behavior and respiration 

194 Tilapia in the 15 μg/L and 30 μg/L groups showed significant reductions in hyper-locomotive 

195 activities after a 4-day exposure (P< 0.05), while fish in the 3 μg/L group showed a decreasing 

196 trend compared with that in the control group (Fig. 1A). Fig. 1C shows the motor tracks of four 

197 tilapia groups in 5 min with different speeds. With the increase in the DCOIT concentration, the 

198 red line is significantly reduced in proportion, suggesting a reduction in hyper-locomotive 

199 activities. 

200 The fish respiration rates in the 15 μg/L and 30 μg/L DCOIT exposure groups were 

201 significantly higher than that in the control group (P < 0.05) in the acute exposure experiment, 

202 revealing an increase in basal metabolism, while no difference was detected between the control 

203 and the 3 μg/L DCOIT groups (Fig. 1B). 

204 3.2. Metabolite changes 

205 Tilapia brain AChE was activated after exposure to 3 μg/L DCOIT but decreased after 

206 exposure to 15 μg/L and 30 μg/L DCOIT for 4 days (Fig. 2A). Tilapia plasma glucose content 
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207 increased significantly after 4-day DCOIT exposure, and the highest value was found in the 30 

208 μg/L group (Fig. 2B). Liver TG and pyruvic acid contents tended to increase in the 3 μg/L group 

209 but decreased in the 15 μg/L and 30 μg/L groups (Fig. 2C and 2D). TG contents in muscle 

210 significantly increased after exposure to 15 μg/L DCOIT for 4 days (Fig. 2E). 

211 3.3. mRNA expression of key ER stress genes in the liver and hepatocytes 

212 GRP78/BiP and CRT, as chaperones and folding sensors in ER, were regulated in the livers 

213 of tilapia exposed to DCOIT for 4 days. GRP78 was activated at low DCOIT concentrations, and 

214 CRT was significantly upregulated in the liver at 15 and 30 μg/L DCOIT (Fig. 3A). Three UPR 

215 branches (PERK, ATF-6α, IRE-1α) in the liver were activated after 3 μg/L DCOIT exposure for 4 

216 days, while no difference was detacted after 15 μg/L and 30 μg/L DCOIT exposures (Fig. 3A). In 

217 the present study, 3 μg/L, 15μg/L and 30 μg/L DCOIT exposures for 28 days down-regulated the 

218 ER stress and UPR signaling pathways, especially in the 30 μg/L DCOIT group (Fig. 3B). After 

219 24 h of exposure, GRP78/BiP and CRT were significantly up-regulated in the 300 μg/L DCOIT 

220 exposure group, and three UPR branches, the PERK–eIF2α, IRE1α–XBP1 and ATF-6 pathways, 

221 were significantly activated. In other low concentration groups, the mRNA levels of these genes 

222 showed no significant difference compared with those in the control group (Fig. 3C).

223 3.4. Liver histology 

224 HE staining illustrated that DCOIT exposure induced severe macrovesicular steatosis in the 

225 livers of fish in all exposure groups. Furthermore, DCOIT exposure caused structural alterations 

226 of the liver, including severe pyknotic nuclei and nuclear spindles, as shown in Fig. 4B, 4C and 

227 4D. These phenomena were not pronounced in the control group (Fig. 4A). 
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228 4. Discussion

229 4.1. Behavior, AChE activity and respiration

230 Behavioral analysis is used not only to reveal normal nervous system functions but also to 

231 evaluate the neurological function of the organism (Mcallister and Stein, 2010; Wall and Messier, 

232 2001). Previous studies have shown that organophosphate pesticides can inhibit animal ACHE 

233 activity (Barbieri and Ferreira, 2011), thus damaging the motor behavior of animals (Yang et al., 

234 2011). After acute exposure to DCOIT for 4 days, damage to brain neurotransmission was 

235 observable. In the chronic exposure group, no significant difference in motor behavior was found 

236 between the experimental and control groups, suggesting that an adaptive mechanism exists in the 

237 test organism (not shown).

238 AChE in the nervous system can modulate motor and cognitive function by maintaining 

239 neurotransmitter acetylcholine (ACh) hemostasis in the synaptic cleft via hydrolysis (Driscoll et 

240 al., 2009). AChE is very sensitive to ambient physiological changes and is thus always studied as 

241 a biomarker to assess the neurotoxicities of environmental pollutants (Chen et al., 2012). At 3 

242 μg/L DCOIT, an increase in AChE levels may be related to hormesis. The decreased concentration 

243 of AChE is likely to inactivate behavioral responses. At high DCOIT concentrations, the activity 

244 of AChE was reduced, suggesting that DCOIT can disrupt neurotransmission in the cholinergic 

245 system of Nile tilapia; therefore, DCOIT is potentially neurotoxic, resulting in the disruption of 

246 motor behavior. In comparison, the response of AChE was not significantly different between 

247 DCOIT levels at the chronic exposure time (not shown). However, in a previous study, exposure 

248 to 3 μg/L DCOIT for 28 days significantly decreased the activity of AChE in the female and male 
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249 medaka by 22.2% and 15.7%, respectively (Chen et al., 2014a). Therefore, tilapia appear to have 

250 better adaptability and recover quicker from the neurotoxic effect of DCOIT.

251 Exposure to DCOIT increases the tilapia respiratory rate. Similarly, Kumaraguru and 

252 Beamish (1983) found a transient increase in the respiration rates of trout following exposure to 

253 permethrin (Kumaraguru and Beamish, 1983). An increase in the basal metabolic rate may be 

254 associated with the increased energy requirements caused by physiological stress, detoxication, 

255 and tissue repair. In the chronic exposure experiment, no difference was found between the 

256 DCOIT exposure groups and the control group after 28 days (not shown), suggesting the existence 

257 of an adaptative mechanism in tilapia to manage the effects of chronic exposure to DCOIT. 

258 Hyper-locomotive activities decreased, but respiration rate increased after a 4-day acute exposure, 

259 indicating that DCOIT exposure altered fish energy metabolism. 

260 4.2. Metabolism changes and ER stress

261 The liver usually needs additional energy when under stressful conditions (Lermen et al., 

262 2004). Lipid content in the liver is a good indicator of tilapia energy reserve function. After 

263 DCOIT exposure for 4 days, plasma glucose, which can be used to enhance metabolism to defend 

264 against the impact of DCOIT toxicity, significantly increased. At low DCOIT concentrations, the 

265 elevated plasma glucose could enter liver lipid metabolic pathways via pyruvic acid, resulting in a 

266 TG increase. At high DCOIT concentrations, the pathway of pyruvate to lipid metabolism in the 

267 liver could be damaged, resulting in decreased TG and pyruvate acid. In this study, muscle TG 

268 was the only energy source that was notably elevated after DCOIT stress, whereas its effective 

269 concentration to provide a response was markedly higher than that in the liver. It is possible that 
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270 muscle TG contributes to total energy expenditure only under stress at high DCOIT 

271 concentrations. 

272  Many studies have shown that ER stress plays a key role in toxic effects and energy 

273 metabolism, and key ER stress genes in the liver and hepatocytes were determined. After exposure 

274 to a low concentration of DCOIT for 4 days, GRP78 and UPR signaling in the liver of tilapia were 

275 activated. Under ER stress, UPR pathways can be activated to reduce the ER load of unfolded 

276 proteins (Ron and Walter, 2007). Under exposure to high concentrations of DCOIT, no significant 

277 changes in related genes were found except for CRT. These findings indicated a concentration-

278 dependent change in these signals in the tilapia liver. The UPR activation induced an adaptive 

279 response in which the cell attempted to overcome the accumulation of misfolded proteins and ER 

280 stress (Rasheva and Domingos, 2009). Further, various pathological cellular changes, such as 

281 apoptosis, can be caused by excessive or prolonged stress (Cheng, 2008). It is speculated that 

282 changes in these genes in the chronic exposure experiment are related to cellular changes. In 

283 addition to the ER stress in tilapia exposed to DCOIT in vivo, ER stress in hepatocytes exposed to 

284 DCOIT in vitro was also detected. The chaperones and folding sensors in ER, GRP78/BiP and 

285 CRT, and three UPR branches, the PERK–eIF2α, IRE1α–XBP1 and ATF-6 pathways, were 

286 significantly up-regulated in the 300 μg/L DCOIT exposure group. The effective DCOIT 

287 concentration in vitro was far higher than that in vivo. There are two possible explanations for this 

288 phenomenon. First, the exposure time in the in vitro experiment was only 24 h, which was much 

289 shorter than that of the in vivo experiment. Therefore, exposure to low DCOIT concentrations is 

290 not sufficient to cause ER stress in hepatocytes. Second, some nutritional factors in the DMEM 

291 culture medium can relieve cellular stress response. For example, pyruvic acid and glucose in the 
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292 culture medium can promote glycolysis and provide energy for cells. In addition, a variety of 

293 amino acids in the culture medium can be transferred to the cells and reduce the burden of ER 

294 stress.

295 In the acute DCOIT exposure experiment, under different DCOIT concentrations, the liver 

296 TG levels and mRNA expression levels of ER stress-related genes (except for CRT) show a 

297 consistent trend. ER stress appears to impact liver lipid metabolism under DCOIT exposure for the 

298 following reasons: First, in fat cells, including liver cells, the endoplasmic reticulum is the site of 

299 triglyceride synthesis (Wolins et al., 2006). Second, in the ER stress state, the SREBP protein is 

300 activated and plays an important role in the related gene expression, including the metabolism of 

301 cholesterol (SREBP1a and SREBP2) and lipid synthesis (SREBP-1c) pathways (Gregor and 

302 Hotamisligil, 2009). Thus, ER stress could cause liver triglyceride accumulation. Similarly, 

303 waterborne Cu exposure can evoke ER stress and SREBP-1c activation, resulting in the 

304 dysregulation of lipid metabolism in the liver of P. fulvidraco in a time-dependent manner (Song 

305 et al., 2016). 

306 4.3. Liver histology and ER stress

307 In the chronic exposure experiment, with the increase in the DCOIT concentration, the 

308 expression of ER stress-related genes decreased, which may have been related to cellular changes. 

309 To verify the relationship between these two, liver biopsy HE staining were used in this study. The 

310 results showed that DCOIT exposure caused varying degrees of macrovesicular steatosis, severe 

311 pyknotic nuclei and nuclear spindles in all exposed groups. Similarly, waterborne Cd exposure 

312 caused severe pyknotic nuclei and highly accumulated nuclei near blood vessels in the livers of 
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313 zebrafish (Yuan et al., 2017), indicating that in this study, DCOIT-induced structural damage to 

314 hepatocytes of Nile tilapia may have occurred. On the one hand, the results verify that excessive 

315 or prolonged ER stress may lead to a series of cellular changes. On the other hand, Cheng (2008) 

316 pointed out that a prolonged UPR can result in the increased production of triglycerides and 

317 cholesterol, which is consistent with the conclusion drawn herein (Cheng, 2008). Fish liver 

318 histology could serve as a model for studying the interactions between environmental factors and 

319 liver structure and function (Bruslé and Anadon, 1996). As evidenced in this study, the tilapia 

320 liver in the DCOIT exposure groups demonstrated different degrees of histological damage.

321 5. Conclusion 

322 In summary, the toxic effects of DCOIT on tilapia were evaluated from the angles of 

323 behavior, respiration, neuronal signal transmission, energy metabolism, endoplasmic reticulum 

324 stress (ER stress) and liver histology via acute and chronic in vivo and in vitro exposures. After 

325 acute exposure for 4 days, disruption of liver lipid metabolism leads to an ER stress response. In 

326 addition, hyper-locomotive activities and respiration rates change. After chronic exposure for 28 

327 days, the prolonged ER stress induces a series of pathological cellular changes. At the cellular 

328 level, exposure to a higher DCOIT concentration induces ER stress in hepatocytes. This study 

329 demonstrates a direct connection between ER function and the change in lipid metabolism after 

330 the exposure of fish to an antifouling agent.
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1

1 Figure Legends

2 Figure 1. DCOIT effects on respiratory rate (n=6) and motor behavior (n=10) in a concentration -

3 course change acute experiment. (A) Lardist refers to the total distance at a speed of more than 5 

4 m/s. Lardist/total distance refers to the proportion of distance spent in hyper-locomotive activities 

5 to total distance. The figure refers to the proportion of tilapia movement spent on hyper-

6 locomotive activities in the 0, 3, 15, 30 μg/L DCOIT groups. (B) Respiratory rate measured at 0, 

7 3, 15, 30 μg/L DCOIT. (C) Motor tracks of tilapia from four groups in five minutes with different 

8 speeds shown in different colors. When the swimming speed was <1 m/s, it was regarded as less 

9 flexible and displayed as white; when it was between 1 m/s and 5 m/s, it was regarded as normal 

10 and displayed as green, while speeds >5 m/s were regarded as hyper-locomotive activities and 

11 displayed as red. Bars with different letters are significantly different from each other (P< 0.05).

12  

13 Figure 2. The contents of AChE in the brain (A); blood glucose (B), TG (C) and pyruvic acid (D) 

14 in the liver; and TG (E) in muscle after the acute DCOIT exposure experiment. Bars with different 

15 letters are significantly different from each other (P< 0.05).

16  

17 Figure 3. DCOIT exposure induces ER stress and UPR upon time- and concentration-dependent 

18 changes. DCOIT exposure influences the expression of genes involved in ER stress in vivo (A and 

19 B) and in vitro (C). Values are presented as the mean ± SEM (n = 3 replicate tanks, three fish were 

20 sampled from each tank at each time point). mRNA expression values were normalized to those of 
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2

21 housekeeping genes (β-actin) expressed as ratios of the control (control = 1); (B) and (C) are 

22 shown as ln. The different letters indicate significant differences among groups for the same 

23 exposure time (P< 0.05).

24  

25 Figure 4. Effects of DCOIT treatment for 4 weeks on the liver histology of tilapia. (A) Liver of a 

26 fish from the control group showing normal hepatocytes and hepatocyte nuclei. (B) Liver of a fish 

27 from the 3 μg/L DCOIT exposed group exhibiting a large number of vacuoles, severe pyknotic 

28 nuclei, and spindle cell nuclei. (C) Liver of a fish from the 15 μg/L DCOIT exposed group 

29 showing a large number of vacuoles, severe pyknotic nuclei, and spindle cell nuclei. (D) Liver of a 

30 fish from the 30 μg/L DCOIT exposed group exhibiting a large number of vacuoles, severe 

31 pyknotic nuclei, and spindle cell nuclei.

32
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33 Fig. 1
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36 Fig. 2
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39 Fig. 3

40  

41



ACCEPTED MANUSCRIPT

6

42 Fig. 4
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1 1 The toxicity of different concentrations’ DCOIT on tilapia was comprehensively 

2 assessed for the first time.

3 2 Exposure to DCOIT altered the activities and respiration of fish. 

4 3 Endoplasmic reticulum stress (ER stress) mediates liver triglyceride accumulation in 

5 tilapia after DCOIT exposure.

6 4 The prolonged ER stress caused a series of pathological cellular changes in the liver 

7 after chronic exposure.
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Table 1. Primers used for real-time PCR analysis

Gene GenBank accession no. Forward primer (5 -3) Reverse primer (5 -3) Size (bp)

GRP78 XM_019357245.1 GCAAGCCCCATATCCAGGTT CCAGGTAAGCCTCAGCAGTC 114

CRT XM_003439798.4 GATGCCAAGAAGCCCGATGA GGCAGGGTTGTCGATCTCTC 117

ATF-6 XM_003440029.4 ATGAGCTGGAGAAACTCGGC ATCTGGAACACCGTTGGCAT 92

PERK XM_003447769.4 GCAGAGTCCAGCGTTTACCT CGATGGCTTTGGAGGGGAAT 94

IRE XM_005461083.3 TGTAAGAAGCTCGCAGTGGG TTGTCTTTGCAGTCCTCGCT 107

β-actin KJ126772 AGCCTTCCTTCCTTGGTATGGAAT TGTTGGCGTACAGGTCCTTACG 102




