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ABSTRACT — This study aimed to evaluate the genotoxicity of 2-[2-(acetylamino)-4-[bis(2-hydrox-
yethyl)amino]-5-methoxyphenyl]-5-amino-7-bromo-4-chloro-2H-benzotriazole (PBTA-6) in fish. Adult 
zebrafish (Danio rerio) were exposed to PBTA-6 solution of 0.3 to 10 mg/L for 96 hr. Genotoxicity was 
evaluated using alkaline single-cell gel electrophoresis (comet assay) and micronucleus (MN) tests on 
blood and gills. Although PBTA-6 showed no positive response to MN induction, it caused a concentra-
tion-dependent increase in DNA damage. Fish exposed to PBTA-6 (10 mg/L) for 96 hr followed by a 96 hr  
recovery period in tap water were also examined; DNA damage decreased to the level before treatment 
within 96 hr. To compare the cytochrome P450 (CYP) activity in different tissues, CYP1A (ethoxyre-
sorufin-O-deethylase; EROD and methoxyresorufin-O-demethylase; MROD) and CYP2B (penthoxyre-
sorufin-O-depentylase; PROD and benzyloxyresorufin-O-debenzylase; BROD) activities were analyzed 
in liver and gill microsomes. The results showed that PBTA-6 markedly induced PROD activity in gills 
and caused DNA damage, but the results show that this damage could be reverted if the exposed fish are 
returned to tap water.
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INTRODUCTION

2-Phenylbenzotriazole (PBTA) compounds are gener-
ated during the dyeing process in the textile industry and 
can enter rivers systems, as is the case in Japan (Morisawa  
et al., 2003; Ohe et al., 2006). Eight PBTA compounds 
(PBTA-1, PBTA-2, PBTA-3, PBTA-4, PBTA-5, PBTA-6, 
PBTA-7, and PBTA-8) showed strong genotoxicity toward  

Salmonella typhimurium TA98 and YG1024 with meta-
bolic activation (Ohe et al., 1999; Shiozawa et al., 2000; 
Watanabe et al., 2001; Oda et al., 2008). Recently, PBTA-
9 was found in textile effluent in Brazil (Vendemiatti et 
al., 2021) and showed genotoxicity in mice (Rodrigues 
et al., 2021). As PBTA compounds are detected in river 
water it is important to evaluate its genotoxicity in fish. 
Among the techniques used to detect genotoxicity, the 
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micronucleus (MN) test has been used to study genotox-
icity studies in fish (Al-Sabti and Metcalfe, 1995; Hayashi 
et al., 1998). It detects MN resulting from chromosomal 
breakage during cell division or chromosome loss events 
during anaphase damage (Kirsch-Volders et al., 2003). 
The MN test is often performed using alkaline single-cell 
gel electrophoresis (comet assay). The comet assay has 
shown to be a rapid, simple, and sensitive technique for 
measuring and analyzing DNA damage in individual cells 
caused by genotoxic agents (Fairbairn et al., 1995), and 
it has been widely used in studies on the genotoxicity of 
environmental chemicals in fish (Toyoizumi et al., 2008; 
Cavas, 2011). Although the MN test and comet assay can 
show genotoxicity of 2-[2-(acetylamino)-4-[bis(2-hydrox-
yethyl)amino]-5-methoxyphenyl]-5-amino-7-bromo-
4-chloro-2H-benzotriazole (PBTA-6), a PBTA compound, 
in goldfish (Carassius auratus) using intraperitoneal 
injection (Masuda et al., 2004), it is also useful for eval-
uating the genotoxicity of the exposure model. Therefore, 
this study examined the genotoxicity in zebrafish (Danio 
rerio), which are well characterized genetically and are 
a valuable vertebrate model for studying carcinogene-
sis (Amatruda et al., 2002). The objective of this study 
was to evaluate the genotoxicity of zebrafish exposed to 
a PBTA-6 solution using the comet assay and MN test. 
The enzyme activity of cytochrome P450 (CYP) was also 
measured. CYP-based activation is generally regarded as 
an indispensable prerequisite for genotoxicity by aromat-
ic amines, and the CYP activity in fish clouds can be used 
as a biomarker to investigate the presence of dioxin-like 
substances (Kais et al., 2017). In this study, CYP1A and 
CYP2B activities were determined using ethoxyresorufin-
O-deethylase (EROD) and methoxy resorufin-O-demethyl-
ase (MROD), penthoxy resorufin-O-depenthylase (PROD), 
and bezyloxy resorufin-O-debenzylase (BROD) activities.

MATERIALS AND METHODS

Materials
PBTA-6 (CAS Registry No. 392274-07-6) was syn-

thesized as previously described (Watanabe et al., 2001). 
Fetal bovine serum (FBS) and ethidium bromide were 
purchased from Gibco BRL (Grand Island, NY, USA) and 
Merck (Darmstadt, Germany), respectively. Low melting 
point (LMP) agarose, normal melting point (NMP) aga-
rose, 7-ethoxyresorufin, 7-methoxyresorufin, 7-penthoxy-
resorufin, 7-benzyloxyresorufin, and resorufin were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All 
other chemicals were purchased from FUJIFILM Wako 
Pure Chemical Corporation (Osaka, Japan).

Fish
Five-month-old sexually mature zebrafish of the AB 

strain with an average weight of 300 mg were maintained 
at the Research Center for Environmental Risk, National 
Institute for Environmental Studies in Japan. Prior to the 
experiment, male fish were acclimatized for two weeks in 
a well-aerated aquarium that was maintained at 24−28°C 
with a 14 hr light/10 hr dark cycle.

Treatment of fish
Experiment 1: Fish were exposed to 1 L solutions con-

taining 0.3, 1, 3, and 10 mg/L of PBTA-6 in glass beakers 
under static conditions. Benzo[a]pyrene (BaP) was used as 
a positive control. BaP was dissolved in dimethyl sulfox-
ide (DMSO) and exposed to a 1 mg/L solution. The nega-
tive control group was only exposed to the solvent carrier  
(DMSO 100 μL/L). Five fish were used in each group, and 
the test solutions were exchanged every two days. The fish 
were sampled after 96 hr; blood and gills were collected, 
and DNA damage and MN induction were examined.

Experiment 2: Fish were exposed to 1 L solutions con-
taining 3 and 10 mg/L of PBTA-6 in glass beakers under 
static conditions. The negative control group was only 
exposed to the solvent carrier (DMSO 100 μL/L). Five 
fish were used in each group, and the test solutions were 
exchanged every two days. Fish were sampled directly 
after 96 hr or 96 hr followed by a 48 and 96 hr recovery 
period in tap water (i.e., 96 hr + 48 hr and 96 hr + 96 hr). 
The exposure concentrations were selected based on the 
results from the previous study in Experiment 1. Blood 
and gills were collected, and DNA damage and MN 
induction were examined. CYP activity was also analyzed 
in liver and gill microsomes after 96 hr of exposure in a 
10 mg/L solution.

Comet assay
The comet assay was performed using the method 

described by Deguchi et al. (2008). Blood was collected 
by cutting off the tail and dropping it onto a clean glass 
slide. The gills were transferred to 100 μL of 30 mM 
EDTA-2Na containing 0.9% KCl and broken with for-
ceps. The tissue clumps and gill arches were removed and 
discarded. Comet images were analyzed using a fluores-
cence microscope (magnification 200 ×) equipped with a 
CCD camera. Two slides were prepared for each fish, and 
50 cells per slide were examined. The tail moment of the 
DNA was measured using a Comet analyzer (Youworks, 
Tokyo, Japan).

MN test
The MN test was performed using the method described  
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by Deguchi et al. (2008). Two slides were prepared for each 
fish. At least 1,000 erythrocytes per slide were observed 
under a fluorescence microscope (magnification 400 ×), 
and the number of micronucleated cells was record-
ed. The MN frequency was calculated as the number of 
micronucleated cells per 1,000 cells.

CYP activity assay
The EROD, MROD, PROD, and BROD activities of 

the liver or gill microsomes were measured using the meth-
od described by Deguchi et al. (2008). Liver and gills 
were collected from five fish, and each tissue was pooled. 
Microsomes and 25 μL of NADPH generation system  
(100 mM MgCl2, 10 mM NADP, 100 mM G-6-P, and 
1000 U/mL G-6-P DH) were pre-incubated for 5 min at 
30°C (total volume: 200 μL), and 50 μL of each substrate 
(25 μM of 7-ethoxyresorufin, 25 μM of 7-methoxyresoru-
fin, 25 μM of 7-pethoxyresorufin, or 25 μM of 7-benzy-
loxyresorufin) was added to start the reaction. After 5 min,  
250 μL of ice-cold ethanol was added to stop the reac-
tion. The mixture was then centrifuged at 15,000 rpm for 
3 min at 4°C. The fluorescence of the supernatant was 
measured using a fluorescence microplate reader (Thermo 
Fisher Scientific, MA, USA) at an excitation wavelength 
of 544 nm and emission wavelength of 590 nm. Enzyme 
activity was expressed as the rate of resorufin formation 
and calculated based on the fluorescence of a standard 
curve of resorufin standards.

Statistical analyses
Dunnett’s test after one-way ANOVA was used to eval-

uate the significance of the differences in the tail moment 
in the comet assay and frequency of micronucleated cells 
in the MN test between the control group and the group 
exposed to the PBTA-6 solution. Unpaired Student’s t-test 
was used to evaluate the significance of the differences in 
the CYP activity assay between the control group and the 
group exposed to the PBTA-6 solution. Statistical signifi-
cance was set to indicate statistical significance.

RESULTS AND DISCUSSION

As shown in Fig. 1, PBTA-6 was determined to cause a 
concentration-dependent increase in DNA damage, which 
showed a significant increase after 96 hr of exposure to 
the 10 mg/L solution. MN did not increase in either tis-
sue type (data not shown). In our previous study, a sig-
nificant increase in DNA damage in the blood and MN in 
the gills was observed in goldfish following intraperito-
neal injection (Masuda et al., 2004). In this study, differ-
ent species were used, and the route of exposure was dif-

ferent. In addition, MN was detected as a result of either 
chromosomal breakage during cell division or chromo-
some loss events in anaphase damage (Kirsch-Volders 
et al., 2003); therefore, more time might be required to 
detect MN. To examine this hypothesis, genotoxicity tests 
were performed by allowing some recovery periods (48 
and 96 hr). Fish were exposed to PBTA solutions (3 and 
10 mg/L), which were chosen based on the results shown 
in Fig. 1, and sampled after 96 hr, or after 96 hr followed 
by 48 and 96 hr of recovery in tap water (i.e., 96 hr + 48 hr 
and 96 hr + 96 hr). As shown in Fig. 2(a), DNA damage in 
the blood and gills decreased after exposure to tap water. 
The comet assay can also be used to evaluate DNA repair 
in damaged cells. This study confirmed that DNA damage 
in the blood and gills decreased to the level before treat-
ment within 96 hr. As shown in Fig. 2(b), the frequency 
of MN in the blood increased slightly at 96 hr + 48 hr 
and 96 hr + 96 hr, and the frequency of MN in the gills 
increased slightly at 96 hr + 48 hr; however, the differ-
ences were not statistically significant. PBTA-6 did not 
significantly increase the rpsL mutant frequency in the 
zebrafish gill or hepatopancreas (Amanuma et al., 2008). 
Since the results show that DNA damage decreased after 
exposure to tap water, the genotoxicity of PBTA-6 in fish 
may be weak and easy to recover under these conditions.

It has been reported that PBTA-6 shows strong geno-
toxicity in Salmonella typhimurium TA98 and YG1024 

Fig. 1.  Cellular DNA damage in the blood (upper graph) and 
gills (lower graph) of the zebrafish exposed to the 
PBTA-6 solution. Fifty cells were counted per fish. 
The mean values were obtained from 250 cells. The 
bars represent the SEM values. Tail moment = Tail dis-
tance x Ratio (using the Comet analyzer). Significant  
difference is denoted by ‘**’; p < 0.01 vs control (by 
Dunnett’s test after one-way ANOVA).
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with metabolic activation (Watanabe et al., 2001). 2-Phe-
nyl-benxotriazole compounds can be activated by CYP1A1 
using AutoDock Vina software (Mena-Ulecia and 
MacLeod-Carey, 2018); therefore, this study analyzed 
CYP activity in the liver and gill microsomes after 96 hr  
of exposure to the 10 mg/L solution. Fig. 3 shows the 
EROD, MROD, PROD, and BROD activities in both tis-
sues. PBTA-6 markedly induced PROD activity in the 
gills but showed no or only weak induction in the liv-
er. Generally, EROD activity is analyzed in liver micro-
somes, but gills are found to be more sensitive than the 
liver in exposure experiments (Jonsson et al., 2006, 2009).  
Although PROD seems to be predominantly catalyzed by 
CYP2B in mammals (Burke et al., 1994) and phenobarbi-
tal (PB) is known to be a CYP2B inducer in rats, PROD 
activity was not increased by PB, but EROD activi-
ty was increased in primary cultures of rainbow trout 
hepatocytes (Sadar et al., 1996). In contrast, high corre-
lations were observed between EROD and PROD activ-
ities in cod (Gadus morhua) and bullrout (Myoxocepha-
lus Scorpius; Ruus et al., 2002). It is generally accepted 
that PBTA-6 is catalyzed by CYP1A1 (Mena-Ulecia and 
MacLeod-Carey, 2018); therefore, PROD might be cat-
alyzed by CYP1A in zebrafish. PROD activity in fish is 
unclear, and further investigation is required to elucidate 
this activity.

Fig. 2.  Fish were sampled after 96 hr or 96 hr followed by a 48 and 96 hr recovery period in tap water (i.e., 96 hr + 48 hr and 96 hr 
+ 96 hr). (a) Cellular DNA damage in the blood (upper graph) and gills (lower graph) of the zebrafish exposed to the PBTA-
6 solution. Fifty cells were counted per fish. The mean values were obtained from 250 cells. The bars represented the SEM 
values. Significant difference is denoted by ‘**’; p < 0.01 vs control (by Dunnett’s test after one-way ANOVA). (b) The 
frequency of MN in the blood (upper graph) and gills (lower graph) of the zebrafish exposed to the PBTA-6 solution. The 
mean values were obtained from five fish. The bars represent the SD values.

Fig. 3.  Activity of four enzymes (EROD, MROD, PROD, 
and BROD) in the liver (upper graph) and gills (lower 
graph) of the zebrafish exposed to the PBTA-6 solu-
tion. Tissue samples were very small, therefore, pooled 
liver and gills were used, and the activity was meas-
ured as the total activity of five fishes. The mean val-
ues were obtained from triplicate measurements. The 
bars represent the SD values. Significant difference 
is denoted by ‘**’; p < 0.01 vs control (by unpaired  
Student’s t-test).
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In conclusion, this study shows that PBTA-6 expo-
sure markedly induced PROD activity in gills and caused 
an increase in DNA damage in the blood and gills of 
zebrafish. Significant DNA damage was observed with 
PBTA-6, but this could be reverted if exposed fish are 
returned to tap water.
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