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ABSTRACT. We reported the involvement of oxidative stress and prostaglandins 
including thromboxane and prostacyclin in pre-cardiac edema (early edema) caused by 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). While the involvement of oxidative stress in TCDD-
induced toxicity has been frequently reported, the mechanism of its action is still unclear. In 
the present study, oxidative stress inducers including paraquat, hydrogen peroxide (H2O2) and 
rotenone augmented early edema (edema) induced by a low concentration of TCDD (0.1 ppb) 
at 55 hr post fertilization (hpf ), while each of them alone did not cause edema. Edema caused 
by TCDD plus oxidative stress inducers was almost abolished by antioxidants, an antagonist 
for thromboxane receptor (ICI-192,605) and an agonist for prostacyclin receptor (beraprost), 
suggesting that the site of action of these inducers was in the regular signaling pathway after 
activation of aryl hydrocarbon receptor type 2 (AHR2) by TCDD. Oxidative stress inducers 
also enhanced edema caused by an agonist for the thromboxane receptor (U46619), and the 
enhancement was also inhibited by antioxidants. Sulforaphane and auranofin, activators of Nrf2 
that is a master regulator of anti-oxidative response, did not affect U46619-evoked edema but 
almost abolished TCDD-induced edema and potentiation by paraquat in both TCDD- and U46619-
induced edema. Taken together, the results suggest that oxidative stress augments pre-cardiac 
edema caused by TCDD via activation of thromboxane receptor-mediated signaling in developing 
zebrafish. As paraquat and other oxidative stress inducers used also are environmental pollutants, 
interaction between dioxin-like compounds and exogenous source of oxidative stress should also 
be considered.
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Polychlorinated dibenzo-p-dioxins, dibenzofurans, and coplanar polychlorinated biphenyls (dioxin-like compounds, DLCs) are 
representative persistent organic pollutants (POPs). Although use of polychlorinated biphenyls (PCBs) was banned from 1960s, 
these are still serious threats to humans and animals, as these are widely distributed in the environment [43]. DLCs are possible 
causes of disorders in humans including hypertension, cancer and diabetes [61]. Oxidative stress can damage endothelial cell and 
increase the permeability to serum, leading to cardiovascular diseases including atherosclerosis and hypertension [3, 28].

It is well known that the aryl hydrocarbon receptor (AHR) is essential for most biological and toxicological responses to DLCs 
[7, 37]. AHR is also required for production of oxidative stress by DLCs [36, 51]. It has been frequently reported that toxicological 
responses by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other DLCs are associated with oxidative stress [15]. However, the 
role of oxidative stress in toxicological responses to AHR agonists is not always clear, including cardiovascular dysfunction. In 
addition to endogenous source of oxidative stress, hydrogen peroxide (H2O2) are commonly distributed in the river, lake and the 
sea [60]. Other persistent pollutants including heavy metals and agricultural chemicals (paraquat as a representative example) also 
are sources of oxidative stress [69].

Zebrafish Danio rerio is now established as a useful in vivo system for toxicological research and tests [16]. The zebrafish is 
particularly suitable for the research of developmental toxicity by dioxin since the zebrafish embryo is one of the most sensitive 
organisms to TCDD, which causes circulation failure including edema, craniofacial malformation culminating in mortality [24, 
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53, 54]. All of these defects in live eleutheroembryos (embryos and larvae) can be easily and noninvasively determined by using 
a conventional stereo or inverted microscope in a normal plastic dish for cell culture. Fish species including zebrafish have plural 
isoforms of AHR including AHR1a, AHR1b, and AHR2 as well as its heterodimerization partner AHR nuclear translocator 
including ARNT1 and ARNT2 [22]. Among these, AHR2/ARNT1 heterodimer mediates major parts of TCDD-evoked toxicity in 
larval fish [1, 12, 45, 46, 55]. However, the signaling pathways after AHR2/ARNT1 by TCDD are not always clear.

Unlike mammals, there are two inducible cyclooxygenase 2 (COX2) genes, COX2a and COX2b [13, 19] in zebrafish. Our 
previous study using a high-speed camera suggested the involvement of the COX2b-thromboxane pathway in TCDD-evoked 
pre-cardiac edema (early edema) in 55-hpf zebrafish eleutheroembryos, which could be the result of AHR2/ARNT1 activation 
[57]. TCDD-evoked early edema was almost blocked by both antioxidants and thromboxane receptor (TP) inhibitors [57]. We also 
showed that TP agonist-induced edema was antagonized by activation of the prostacyclin receptor (IP) but not by antioxidants [42]. 
These results suggest that both TP pathway and oxidative stress are involved in TCDD-induced circulation failure including edema, 
but the sites of their actions are different.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator against oxidative stress, inducing antioxidant proteins, 
such as glutathione synthase or glutathione reductase as well as drug-metabolizing enzymes [9, 26]. There are two Nrf2 proteins 
(Nrf2a and Nrf2b) [25, 38, 58], two Keap1 proteins (Keap1a and Keap1b) [33, 41], and four small Maf proteins in zebrafish (MafGa, 
MafGb, MafK, and MafF) [52]. Recently, it was reported that PCB126, an AHR agonist, produced more severe pericardial edema in 
zebrafish with a mutated DNA binding domain in Nrf2a (nfe2l2afh318/fh318) without a notable effect on AHR2 expression [48].

We reported that TP agonist-induced early edema was much less severe than the effect by TCDD alone [42], implying the 
involvement of additional factors besides TP activation in TCDD-induced early edema. Thus, we investigated the effects of some 
oxidative stress inducers including paraquat and H2O2 besides rotenone [32] and activators of Nrf2 signaling on edema formation 
in developing zebrafish. We aimed to elucidate the possible interaction of oxidative stress and the AHR-mediated pathway.

MATERIALS AND METHODS

Chemicals
TCDD was purchased from Cambridge Isotope Laboratories. 2, 3, 3a, 8b-Tetrahydro- 2- hydroxy- 1- (3- hydroxy- 4- methyl- 1- octen- 6- 

ynyl)- 1H- cyclopenta[b]benzofuran- 5- butanoic acid (beraprost) and 9,11-dideoxy-9α,11α-methanoepoxy prosta-5Z-13E-dien-1-oic 
acid (U46619) were obtained from Cayman Chemical (Ann Arbor, MI, USA). 4-(Z)-6-(2-o-chlorophenyl-4-o-hydroxyphenyl-
1,3-dioxan-cis-5-yl) hexenoic acid) (ICI-192,605) and R, S-sulforaphane were purchased from Tocris Bioscience (Bristol, UK) 
and LKT Laboratories (St. Paul, MN, USA), respectively. Paraquat dichloride standard was obtained from FUJIFILM Wako Pure 
Chemical (Osaka, Japan). Auranofin was purchased from Tokyo Chemical Industry (Tokyo, Japan). All other chemicals were 
commercially available products of special reagent grade.

Zebrafish and TCDD treatment
Fertilized eggs were obtained from natural mating of adult zebrafish (Long-fin) in our laboratory. Adult fish and embryos were 

maintained at 28.5°C with a lighting schedule of 14-hr light and 10-hr dark. At 24 hr after spawning, newly fertilized eggs were 
exposed to either a TCDD vehicle, dimethyl sulfoxide (DMSO, usually 0.1%), or an apparent concentration of waterborne TCDD 
of 0.1 or 1.0 parts per billion (ppb) dissolved in 0.1% DMSO in 3 ml of Zebrafish Ringer solution (38.7 mM NaCl, 1.0 mM KCl, 
1.7 mM HEPES-NaOH pH 7.2, 2.4 mM CaCl2) in 3.5 cm petri dishes (Asahi Techno Glass, Yoshida, Japan) for the duration of the 
experiment (10 embryos/dish). Beraprost (10 µM) was included from 24 hpf. Ascorbic acid (10 mM) and 20 µM N-acetylcysteine 
(NAC) were added at 33 hpf and changed at 48 hpf for consistent antioxidative effects. NaOH was added to ascorbic acid 
containing solution for pH 7.2. Oxidative stress inducers, 100 µg/ml paraquat, 1.5 mM hydrogen peroxide and 1.25 nM rotenone 
were added 24 hpf and newly changed at 48 hpf. Eleutheroembryos were challenged with 7.5 µM U46619 and 24 µM ICI-192,605 
from 48 hpf, because longer exposure of U46619 caused yolk malformation [57]. Sulforaphane (40 µM) and 2.5 µM auranofin 
were included, beginning at 24 hpf and 33 hpf, respectively, following our previous reports in which these Nrf2 activators were 
pretreated long before toxic compounds challenge [10, 11].

Measurement of edema
Pre-cardiac edema (edema or early edema) was determined with a high-speed camera (1,000 images/sec) (LRH1601BL, Digimo, 

Tokyo, Japan) connected to an inverted microscope (DP70-IX71, Olympus, Tokyo, Japan), as previously described [57, Fig. 1 
inset). The area of the small cavity between the heart and body wall at maximal diastole was quantified in pixels. Pre-cardiac 
edema was expressed as a percentage of the area of vehicle controls for normalization of edema in separate experiments.

Real-time RT-PCR
In order to study expression levels of cytochrome P450 1A (CYP1A) and COX2b, quantitative real-time RT-PCR (RT-qPCR) 

analysis was carried out [57]. Total RNA was extracted from larval zebrafish at 55 hpf with TRI-reagent (Sigma-Aldrich, St. Louis, 
MO). cDNA was prepared from total RNA with ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). qRT-PCR analysis was 
performed in Real-Time PCR Detector (LightCycler 96: Roche Life Science, Penzberg, Germany) using Thunderbird qPCR mix 
containing SYBR Green (Toyobo).



K. TANAKA ET AL.

1052J. Vet. Med. Sci. 83(7): 1050–1058, 2021

Statistics
Results are presented as means ± SEM. Significant differences between the vehicle control and TCDD-exposed groups were 

determined by one-way ANOVA followed by the Tukey-Kramer test (P<0.05). Student’s t-test or Welch’s test were also used to 
compare means of two groups after the F-test (P<0.05).

RESULTS

Effects of oxidative stress inducers on TCDD-induced edema
A single application of paraquat (100 µg/ml=389 µM) did not cause pre-cardiac edema (early edema or edema) by itself (Fig. 

1). However, paraquat markedly augmented edema caused by 0.1 ppb TCDD, which showed a marginal effect on edema formation 
alone (Fig. 1). As in the case with paraquat, other oxidative stress inducers, hydrogen peroxide (H2O2, 1.5 mM) [11] and rotenone 
(1.25 nM) [44], also showed augmentation of edema caused by 0.1 ppb TCDD (Supplementary Fig. 1).

Antioxidants, N-acetylcystein (NAC, 20 µM) (Fig. 1A) and ascorbic acid (10 mM) (Fig. 1B), neither of which affected the basal 
level of edema by themselves, inhibited early edema induced by 0.1 ppb TCDD in the presence of an oxidative stress inducer 
(paraquat). Early edema caused by TCDD plus paraquat was inhibited by either a TP antagonist (ICI-192,605, 24 µM) or an IP 
agonist (beraprost, 10 µM) (Supplementary Fig. 2), while higher concentration of TCDD-induced edema was also antagonized by 
either a TP antagonist or an IP agonist [42, 56].

Effects of Nrf2 activators on TCDD-induced edema
It was reported that sulforaphane [40] and auranofin [11] activate Nrf2 signaling in developing zebrafish. Thus, the effects of 

these Nrf2 activators were investigated. Sulforaphane (40 µM) (Fig. 2A) and auranofin (2.5 µM) (Fig. 2B) markedly inhibited 1.0 
ppb TCDD-evoked edema without affecting the control level. Sulforaphane also abolished 0.1 ppb TCDD-evoked edema in the 
presence of 100 µg/ml paraquat (Supplementary Fig. 3).

Effects of paraquat on expressions of COX2b and CYP1A
As it has been reported that paraquat induces COX2 in neuroblastoma cell line [66], we studied the effects of paraquat with 

RT-qPCR on expression of COX2b that is involved in TCDD-induced pre-cardiac edema in zebrafish [57].
As shown in Fig. 3, paraquat (100 µg/ml) did not affect COX2b expression at all irrespective of the presence or absence of lower 

concentration of TCDD (0.1 ppb), although the same concentration of paraquat as in measurement of pre-cardiac edema was used. 

Fig. 1. Paraquat augments 2,3,7,8-tetrachlorodibenzo-p-dioxin-evoked pre-cardiac edema in an antioxidant-sensitive manner. Eleuthe-
roembryos were treated with 0.1 ppb 2,3,7,8-tetrachlorodibenzo-p-dioxin (0.1 TCDD or TCDD) or a vehicle (0.1% DMSO) (Control) 
beginning at 24 hpf. Paraquat (Para) (an oxidative stress inducer) (100 µg/ml), 20 µM N-acetylcysteine (NAC) (A), and 10 mM ascorbic 
acid (Asco) (B) were also included in some cases. Chemicals were newly changed at 48 hpf. At 55 hpf, the area of the pre-cardiac cavity 
was determined as an index of TCDD-induced edema (pre-cardiac edema, dashed circles in insets). Results are expressed as percentage 
of the control (means ± SEM, n=19–21). Values with different letters are significantly different (P<0.05).
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Similarly, paraquat was without effect on CYP1A expression, although CYP1A was markedly induced by even lower concentration 
of TCDD (0.1 ppb), suggesting no effects of paraquat on AHR2-CYP1A signaling.

Effects of oxidative stress inducers on edema caused by a TP agonist
Previously, we reported that U46619, a TP agonist caused pre-cardiac edema [57]. As in the case of TCDD, paraquat 

significantly augmented 7.5 µM U46619-induced edema (Fig. 4). Both antioxidants, NAC (20 µM) (Fig. 4A) and ascorbic acid 
(10 mM) (Fig. 4B), inhibited early edema induced by U46619 in the presence of paraquat to the same level as that by U46619 
alone. In contrast, neither NAC nor ascorbic acid at the concentrations used reduced edema that was caused by a single application 
of U46619. Similar to the case for TCDD, other oxidative stress inducers, H2O2 (1.5 mM) and rotenone (1.25 nM), caused 
edema in the presence of a lower concentration of U46619 (0.5 µM), which did not show a significant effect on edema by itself 
(Supplementary Fig. 4).

It was also confirmed that paraquat-induced pre-cardiac edema in the presence of a lower concentration of U46619 (0.5 µM) was 
inhibited by ICI-192,605 (24 µM) and beraprost (10 µM) (Fig. 5).

Effects of Nrf2 activators on edema caused by a TP agonist
As shown in Fig. 6, sulforaphane (40 µM) had no effect at all on edema induced by 7.5 µM U46619. However, the same 

concentration of sulforaphane inhibited edema caused by U46619 plus 100 µg/ml paraquat to the level of edema evoked by 
U46619 alone (Fig. 6).

Fig. 2. Nuclear factor erythroid 2-related factor 2 (Nrf2) activators inhibit 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced pre-cardiac 
edema. Eleutheroembryos were treated with 1.0 ppb 2,3,7,8-tetrachlorodibenzo-p-dioxin (1.0 TCDD or TCDD) or a vehicle beginning at 
24 hpf. Sulforaphane (40 µM) (A) and 2.5 µM auranofin (B) were also included, beginning at 24 hpf and 33 hpf, respectively. Chemicals 
were newly changed at 48 hpf and pre-cardiac cavity was evaluated at 55 hpf. Results are expressed as percentage of the control (means 
± SEM). n=18–21 (A), n=20 (B). Values with different letters are significantly different (P<0.05).

Fig. 3. No effects of paraquat on expression of cyclooxygenase 2 and cytochrome P450 1A expression. Paraquat (Para) (100 µg/ml) and 
0.1 ppb 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (0.1 TCDD or TCDD) were applied from 24 hpf and larvae were harvested at 55 
hpf for RT-qPCR of cyclooxygenase 2b (COX2b) (A) and cytochrome P450 1A (CYP1A) (B). Chemicals were newly changed at 48 hpf. 
Results are expressed as arbitrary unit (means ± SEM). n=5 (A, B). Values with different letters are significantly different (P<0.05).
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DISCUSSION

In the present study, paraquat and another oxidative stress inducers or oxidative stress itself, rotenone and H2O2, potentiated 
early edema induced by a lower concentration of TCDD without any major effect in control larvae, and the potentiation by these 
three chemicals was inhibited by two different antioxidants. These oxidative stress inducers are also an environmental contaminants 
as sources of oxidative stress [60, 69]. Edema caused by TCDD plus paraquat was almost blocked by a TP antagonist and an 
IP agonist. These treatments also blocked edema caused by TCDD alone [42, 57], suggesting that the site of action of paraquat 
was in the regular signaling pathway after activation of AHR2 by TCDD. The involvement of oxidative stress in TCDD- or 
other DLCs-induced circulation failure in zebrafish and in other fish in development has been suggested by the experiments with 
antioxidants [5, 39, 59]. The results of the present study support the involvement of oxidative stress in TCDD-induced edema, 
using oxidative stress inducers and antioxidants. Liu et al. [34] directly detected oxidative stress by a reactive oxygen species 
(ROS)-sensitive fluorescent dye and by expression of EGFP linked to the Nrf2a promoter in larval zebrafish exposed to coplanar 
PCB. It has also been reported that malondialdehyde formation was significantly increased by TCDD and was decreased by 
some superoxide scavenging enzymes such as superoxide dismutase (SOD) in larval zebrafish [35]. On the other hand, however, 
Hahn et al. [14] found a small but significant induction of Nrf2a by TCDD but no induction of the target molecules of the Nrf2-
Keap1 system including glutathione S-transferase pi (GSTP1) and SOD in developing zebrafish. Thus, we should consider the 

Fig. 4. Paraquat augments pre-cardiac edema caused by thromboxane receptor activation in an antioxidant-sensitive manner. Paraquat 
(Para) (100 µg/ml), U46619 (7.5 µM) (7.5 U) and N-acetylcystein (NAC) (20 µM) (A), ascorbic acid (Asco) (10 mM) (B) were applied 
from 48 hpf and pre-cardiac cavity was evaluated at 55 hpf. Results are expressed as percentage of the control (means ± SEM). n=20 
(A), n=19–22 (B). Values with different letters are significantly different (P<0.05).

Fig. 5. Potentiation of thromboxane receptor agonist-induced 
pre-cardiac edema by an oxidative stress inducer was sensi-
tive to a thromboxane receptor blocker and a prostacyclin 
receptor agonist. Paraquat (Para) (100 µg/ml), ICI-192,605 
(ICI) (24 µM), beraprost (Bera) (10 µM,) and U46619 (0.5 
µM) were applied from 48 hpf and pre-cardiac cavity was 
evaluated at 55 hpf. Results are expressed as percentage of 
the control (means ± SEM). n=20. Values with different let-
ters are significantly different (P<0.05).

Fig. 6. A nuclear factor erythroid 2-related factor 2 in-
ducer inhibits oxidative stress-induced augmentation of 
pre-cardiac edema by thromboxane receptor activation. 
U46619 (7.5 µM) (7.5 U), paraquat (Para) (100 µg/ml) 
and sulforaphane (40 µM) (SF) were applied from 48 hpf 
and pre-cardiac cavity was evaluated at 55 hpf. Results 
are expressed as percentage of the control (means ± SEM, 
n=19–21). Values with different letters are significantly 
different (P<0.05).
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possibility that TCDD cannot induce oxidative stress extensively but can only induce oxidative stress in localized fashion in larval 
zebrafish at least in the early stage. We observed that paraquat and other oxidative stress inducers caused significant edema in the 
presence of a very low concentration of TCDD, which did not cause edema at all by itself. This raise the possibility that oxidative 
stress caused by another source can evoke edema without application of TCDD or other AHR agonist, because there might be 
endogenous AHR agonists also in zebrafish [64]. However, the three oxidative stress inducers that we used did not cause any 
edema by themselves. The difference might reflect properties of endogenous AHR agonists that are distinct from those of TCDD or 
insufficient concentrations of those substances in larval zebrafish. In any case, oxidative stress can augment TCDD under threshold 
concentration for causing edema. Other than endogenous source of oxidative stress, paraquat, H2O2 and heavy metal that exist in 
aquatic environment as a source of oxidative stress [20] also may play a role in toxicological response by TCDD and other DLCs.

The source of oxidative stress caused by TCDD is not known in this study. It was reported that TCDD produces mitochondrial 
respiration-dependent reactive oxygen in the AHR-dependent manner [18, 51]. Alternatively, ROS are produced from uncoupling 
of CYP1A by co-planar PCB [50]. TCDD markedly induced transcripts of CYP1A and CYP1Cs in endothelial cells and other 
organs in developing zebrafish [21, 31, 65]. TCDD caused oxidative stress in primary human aortic endothelial cells by way of 
CYP1A1 induction [29]. Kopf et al. [30] reported TCDD-induced superoxide generation in the rat aorta and heart and reduction 
of acetylcholine-induced relaxation of vascular smooth muscle strips by TCDD, suggesting inactivation of acetylcholine-produced 
nitric oxide by superoxide anion. In zebrafish at 3 days post fertilization (dpf), however, co-exposure to a nitric oxide synthase 
inhibitor had no effect and co-exposure to a nitric oxide donor worsened pericardial edema caused by coplanar PCB [59]. Further 
studies on the relationship between nitric oxide and oxidative stress are required.

Paraquat needs oxygen (O2) for the formation of ROS such as H2O2 and hydroxyl radical (•OH) [32]. In zebrafish, gills become 
completely functional at a relatively later stage of development (12 dpf) [47], and direct diffusion of O2 through the skin is a 
pivotal route in supplying O2 to the tissues until the gills become functional. Thus, it is conceivable that O2 demand might be low 
in developing zebrafish around 55 hpf. This might be one of the reasons why paraquat itself did not cause major toxicological 
effects. Indeed, even a very high concentration of paraquat (600 mg/l=c.a. 2.3 mM) alone had no effect on the appearance of 
developing zebrafish by 5 dpf [2].

COX2 is a kind of oxygenase and requires oxygen for its activity and oxidative stress can modify COX2 enzyme activity [8]. 
Paraquat and H2O2 induce COX2 in neuroblastoma cells or endothelial cells [6, 66]. In developing zebrafish at 55 hpf, however, 
level of COX2b transcripts was not affected by paraquat, while we previously reported involvement of the COX2b-thromboxane 
pathway in TCDD-induced early edema [56, 57]. Also, CYP1A, a marker of AHR2 signaling was not induced by paraquat. 
These results suggest that AHR2-COX2b pathway that could be involved in TCDD-induced pre-cardiac edema is not a target of 
potentiation of pre-cardiac edema by oxidative stress inducers.

Meanwhile, paraquat and other oxidative stress inducers also potentiated U46619-induced early edema in a manner sensitive 
to two different antioxidants, similar to low concentration of TCDD. Thus, it is indicated that TP or the subsequent process of 
TP activation might be involved in the potentiation of TCDD-induced edema by oxidative stress inducers. The mechanism for 
the potentiation of TP-induced edema by oxidative stress is unknown. In mammals, interaction of thromboxane and oxidative 
stress as well as interactions of other factors such as endothelin with thromboxane in both endothelial cells and other tissues have 
been shown through extensive studies on cardiovascular diseases including hypertension by diabetes [4]. Among them, it was 
hypothesized that TP stimulation augments the generation of ROS via PKC-ζ-mediated NAD(P)H oxidase activation in bovine 
aortic endothelial cells [68]. However, this is unlikely because antioxidant treatment never reduced edema caused by single 
exposure to a TP agonist in developing zebrafish (Fig. 4). Conversely, oxidants generate isoprostane 8-iso-PGF2α from arachidonic 
acid, which also stimulates TP directly [4]. Although we previously indicated the requirement of thromboxane synthase in edema 
caused by TCDD in developing zebrafish [57], complementary effects of both TP agonists and thromboxane synthase should also 
be considered. Oxidative stress induces maturation and stabilization of the TP protein possibly by intracellular translocation [62, 
63]. It is well known that TP couples to Gq to activate phospholipase A2 for production of IP3 and release of Ca2+ from intracellular 
stores [23]. Furthermore, oxidative stress contributes to the modulation of several signaling pathways including pathways 
regulating MAP kinase and Akt/eNOS as well as calcium-dependent signaling, in relation to vascular permeability [4]. Cultured 
endothelial cells derived from zebrafish should be used to clarify the intracellular mechanisms [17].

The nuclear factor Nrf2 pathway plays an indispensable role against oxidative stress through regulation of gene expression of 
a series of antioxidants and detoxifying enzymes as a master regulator in vertebrates including zebrafish larvae [27]. We observed 
that sulforaphane [10] and auranofin [11], activators of Nrf2, clearly suppressed TCDD-induced edema in the presence or absence 
of paraquat, supporting further that oxidative stress could be involved in potentiating effects by three oxidative stress inducers as 
well as higher concentration of TCDD-induced edema. In relation to our findings, Rousseau et al. (2016) reported that PCB126, 
a coplanar PCB, produced more severe pericardial edema in Nrf2a (−/−) zebrafish in later stage. Furthermore, sulforaphane also 
abolished the potentiating effect of paraquat on U46619 without affecting edema caused by U46619 alone in this study, thus 
providing additional evidence that TP or the subsequent process of TP activation could be a target of potentiation of TCDD-induced 
edema by oxidative stress inducers. Modulatory effects of Nrf2 on AHR2 and thromboxane signaling should be also studied in the 
future study [48, 49, 67].

In conclusion, the results of this study suggest that oxidative stress participates in edema formation caused by TCDD at least 
partially via activation of TP-mediated signaling (Supplementary Fig. 5). There might be a positive interaction between TP 
signaling and oxidative stress in the induction of edema. A complex mechanism involving several factors appears to be responsible 
for TCDD-induced edema formation and thus implies that TCDD toxicity could be blocked by a variety of chemicals. It is also 
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suggested that oxidative stress can augment TCDD under threshold concentration to cause edema, while there are many sources 
of oxidative stress in aquatic environment including paraquat, H2O2 and heavy metals. However, the precise mechanism of the 
interaction between thromboxane and oxidative stress in relation to AHR signaling needs to be clarified further in the future 
possibly by using an in vitro system such as cultured endothelial cells in combination with developing zebrafish.
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