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Abstract

Hypoxia is a major stressor in aquatic environments and it is frequently linked with excess
nutrients resulting from sewage effluent discharges and agricultural runoff, which often also
contain complex mixtures of chemicals. Despite this, interactions between hypoxia and
chemical toxicity are poorly understood. We exposed male three-spined stickleback during the
onset of sexual maturation to a model anti-androgen (flutamide; 250ug/L) and a pesticide with
anti-androgenic activity (linuron; 250ug/L), under either 97% or 56% air saturation (AS). We
assessed the effects of each chemical, alone and in combination with reduced oxygen
concentration, by measuring the transcription of spiggin in the kidney, as a marker of androgen
signalling, and 11 genes in the liver involved in some of the molecular pathways hypothesised
to be affected by the exposures. Spiggin transcription was strongly inhibited by flutamide under
both AS conditions. In contrast, for linuron, a strong inhibition of spiggin was observed under
97% AS, but this effect was supressed under reduced air saturation, likely due to interactions
between the hypoxia inducible factor and the aryl hydrocarbon receptor (AhR) pathways. In
the liver, hypoxia inducible factor 1a was induced following exposure to both flutamide and
linuron, however this was independent of the level of air saturation. This work illustrates the
potential for interactions between hypoxia and pollutants with endocrine or AhR agonist activity

to occur, with implications for risk assessment and management.

Keywords
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Capsule

Hypoxia modifies the toxicity of the anti-androgenic chemical, linuron, potentially via

interactions with the aryl hydrocarbon receptor pathway.
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Introduction

Hypoxia occurs naturally in both freshwater and marine ecosystems, but in recent decades
there has been an exponential increase in its occurrence and severity worldwide (Diaz and
Rosenberg, 2008). This has been associated, at least in part, with increases in nutrient load
of water bodies, originating from land run-off and sewage discharges (Wu, 2002). Sewage
effluents and agricultural runoff both contain a complex cocktail of chemicals with endocrine
disrupting activity (Harris, 1995; Harries et al., 1996; Jobling et al., 1998; Jobling et al., 2009;
Lange et al. 2012; Purdom et al, 1994; Tyler et al., 1998; Uren Webster et al., 2014). Many of
these have been shown to cause reproductive disruption, oxidative stress or interfere with the

aryl hydrocarbon receptor pathway among others.

Hypoxia has also been reported to affect reproduction in fish by disrupting endocrine
signalling. Disruption of brain reproductive pathways have been reported in the Atlantic
croaker (Micropogonias undulates), where exposure to hypoxia caused a decrease in
serotonin, a regulator of gonadotropin release (Thomas et al., 2007). In addition, studies have
shown hypoxia to affect sex steroid concentrations (Wu et al., 2003; Thomas et al., 2006;
Thomas et al., 2007) and gonad development (Shang et al.; Thomas et al., 2006; Thomas et
al., 2010). At the behavioural level, hypoxia was shown to cause impairment of courtship
(Wang et al., 2008), decreased frequency of mating displays (Gotanda et al., 2011), and

increased time spent fanning the eggs (Jones and Reynolds., 1999).

To date, only two studies have investigated the effects of endocrine disrupting chemicals
(EDCs) in combination with low oxygen conditions. In male fathead minnows (Pimephales
promelas) hypoxia did not affect the response to a mixture of estrogenic chemicals (Brain et
al., 2008). Similarly, experiments testing the effects of hypoxia in combination with oestradiol
(E2) in killifish (Fundulus heteroclitus) and zebrafish (Danio rerio) embryos did not find
evidence for interactions between these stressors (McElroy et al., 2012). However,

considering the evidence for the effects of hypoxia on reproduction, and the scarcity of data
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on interactions between hypoxia and reproductive disrupting chemicals, in particular for anti-
androgenic compounds, it is important to consider this question. We address this knowledge
gap by investigating the hypothesis that interactions between hypoxia and anti-androgenic
chemicals are likely to occur, because of the known inhibitory effects of hypoxia on male
reproduction, which overlaps with the effects of anti-androgenic chemicals. We selected two
chemicals because of their well-established anti-androgenic mechanisms of action (flutamide;

linuron) and their potential environmental relevance (linuron).

Flutamide is a potent androgenic receptor (AR) antagonist that competes with endogenous
androgens at the androgen receptor hormone binding site and prevents AR-DNA binding and
transcriptional regulation of androgen-dependent genes (Ankley et al., 2004; Katsiadaki et al.,
2006). Although of relatively low environmental concern, the anti-androgenic effects of this
chemical have been extensively documented because of its proven clinical efficiency in the
treatment of androgen-dependent prostate cancer (Singh et al., 2000), and its extensive use

as an anti-androgenic reference chemical in endocrine disruption studies (OECD, 2002).

The pesticide, linuron, is a weakly competitive AR antagonist and was shown to induce a
positive response for androgenic activity in both the stickleback (Katsiadaki et al., 2006) and
the Hershberger assay, via suppression of androgen dependent gene expression (Cook et al.,
1993; Lambright et al., 2000). This chemical is used as an herbicide applied to suppress broad
leaf and grassy weed growth, resulting in its entering surface waters via agricultural runoff
(Patterson, 2004), and has been detected in drinking water and in food samples (Pest
Management Regulation Agency, 2012; R.E.D. U.S.E.P.A, 1995). In addition to its anti-
androgenic activity, linuron has been shown to activate the aryl hydrocarbon receptor (AhR)
signalling pathway (Uren Webster et al.,, 2015), an important pathway in the cellular
metabolism of toxicants that shares a dimerization partner with the hypoxia signalling pathway.
These two pathways have previously been shown to interact (Fleming and Di Giulio, 2011),

providing an additional hypothesis for the potential interaction between hypoxia and linuron.
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The three-spined stickleback was used as a model organism in this study because of its useful
traits for studying anti-androgens (Katsiadaki et al., 2007). Male sticklebacks produce spiggin,
a glue protein expressed in the kidney of mature fish, and used in nest building (Hahlbeck et
al., 2004). Spiggin production is under the control of androgens and has been shown to be
suppressed upon exposure to anti-androgenic chemicals (Katsiadaki et al., 2006).
Suppression of spiggin has been validated as a useful biomarker to detect chemicals able to
disrupt androgen signalling (Hahlbeck et al., 2004; Katsiadaki et al., 2006), including in

regulatory toxicity testing (OECD, 2011).

We exposed male sticklebacks to the anti-androgenic chemicals, linuron and flutamide, under
97% or 56% air saturation (AS). The chemical concentrations used for this study were chosen
based on their ability to cause inhibition of spiggin production in the stickleback (Katsiadaki et
al., 2006) and to facilitate a mechanistic analysis of the interactions between these chemicals
and reduced oxygen in the water. An increase in spiggin transcription is expected to occur in
adult males as they transition into sexual maturity in preparation of their breeding season
starting in spring (Jakobsson et al., 1999). Therefore, we measured the transcription of spiggin
in the kidney to determine whether the exposure to the chemicals alone or in combination with
reduced air saturation inhibited this expected spiggin increase. We also measured the
transcription of 11 genes in the liver, chosen as markers for signalling pathways hypothesised
to be regulated by both hypoxia and the chemicals selected. These pathways included
androgen and oestrogen signalling, oxidative stress response, hypoxia signalling, cholesterol

biosynthesis and insulin growth factor signalling.

Material and Methods

Fish source, culture and husbandry
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Freshwater three-spined sticklebacks (originating from the River Erme, Devon, United
Kingdom) were kindly provided by the University of Plymouth, and maintained in the Aquatic
Resource Centre at the University of Exeter as described in the supplementary information.
Males (in total 64 individuals, approximately 9 months old) were selected for this study using
a PCR method that identifies a specific sex marker in the stickleback (Peichel et al., 2004),

described in the supplementary information.

Exposure to anti-androgens and varying oxygen concentrations

Male sticklebacks were exposed for 7 days to either flutamide (250ug/L; Sigma Aldrich, purity
299.99) or linuron (250ug/L; Sigma Aldrich, purity 298%), under 100% or 50% air saturation
(AS; nominal concentrations), or to appropriate controls. Concentrations for the test chemicals
were selected based on their ability to cause anti-androgenic effects in fish (flutamide:
Katsiadaki et al., 2006; linuron: Uren Webster et al., 2015). The choice of 50% AS was
informed by the critical oxygen level (Pi) for this population of sticklebacks, determined in a
separate experiment in our laboratory (Pcii= 48.88+2.73 % AS at 15°C; Fitzgerald et al., 2019).
We chose a concentration of oxygen just above the P for this laboratory population, therefore
sufficient to cause physiological acclimation without causing overt adverse effects, and
relevant to environments inhabited by this species (Fitzgerald et al., 2017). The oxygen
concentration in each tank was controlled by continuously aerating the water with a pre-set
gas mixture of Oz, N2 and COg, achieved by controlling the proportional flow rate from cylinders
of each gas, using precision gas flow controllers (MC Series Mass Flow Controllers, Qubit
Systems Inc., Ontario, Canada), connected to a PC running gas mixture software (C690 Gas
Mixing Software, Qubit Systems Inc., Ontario, Canada). The chemical solutions were supplied
by a flow-through system to the experimental tanks, using ethanol (0.001%) as a solvent. An
absolute control and a solvent control receiving the same concentration of ethanol as the
chemical exposures were also included, both under 50% and 100% AS. For each treatment
there were 4 tanks, with one individual fish per tank. The experiment was carried out twice

over two consecutive weeks, resulting in a replication of n=8 fish per treatment.
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On day 0 of exposure, tanks were spiked with the appropriate amount of chemical to achieve
the desired test concentrations and connected to a flow through system. Flow rates were
monitored daily to ensure that the chemical concentrations remained consistent and working
stock solutions were replaced every 48h. The level of air saturation was measured twice daily
using an OptiOx dissolved oxygen sensor (Mettler Toledo) to confirm that it was maintained
as close as possible to the nominal level. Throughout the exposure, daily measurements of
pH, conductivity and temperature where also conducted. All fish were fed the same amount of
food daily (~4% body weight; Chironomus sp.; Tropical Marine Centre, Chorleywood, UK), and

starved 24h prior to sampling.

To encourage reproductive maturation of the stickleback under the exposure conditions, the
photoperiod was raised by 2hr/day, over the first 5 days of exposure. For the final 2 days of
exposure, photoperiod was maintained at 18:6 light/dark to mimic summer conditions. The
temperature was maintained at 12+1°C during the experimental period. Gravel was placed in
a petri dish on one side of the tank to provide environmental enrichment and some substrate

to encourage nest building behavior.

All fish were sacrificed on day 7 of the exposure period by a lethal dose of benzocaine followed
by destruction of the brain, in accordance with the UK Home Office regulations. Wet weight
and fork length were recorded and the condition factor (k = (weight (g) x 100) / (fork length
(cm3)) was calculated for each individual fish. Tissues were collected and weighed, and the
heaptatosomatic index (HSI = (liver weight (mg) / total weight (mg)) x 100), gonadosomatic
index (GSI = (gonad weight (mg) / total weight (mg)) x 100) and the nephrosomatic index (NSI
= (kidney weight (mg) / total weight (mg)) x 100) were calculated. The kidney and liver samples
were snap frozen in liquid nitrogen and stored at -80°C for molecular analysis. Water samples
from each experimental tank were taken on day 0, 1 and 6 of the exposure for chemical
analysis. The concentration of each anti-androgen was measured using a LC-MS method, as

described in the Supplementary Information.
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Transcript Profiling

Real-time quantitative PCR (RT-QPCR) was used to quantify the transcription of target genes
in the kidney and the liver. In the kidney, spiggin transcription was measured to determine if
the treatments (reduced air saturation and/or chemical exposure) inhibited the increase in
spiggin expected to occur in males as they transition from winter to summer conditions, a sign
of male maturation in preparation to spawn. In the liver, transcription of genes involved in
reproductive function (androgen receptors (arl and ar2) (Hogan et al., 2008), estrogen
receptors (esrl, esr2a and esr2b) (Geoghegan et al., 2008)) were measured to investigate for
the effects of both chemicals, alone and in combination with hypoxia, on reproductive
signalling pathways. Transcription of the hypoxia inducible factor 1a (hifia) was also
measured to serve as a biomarker of hypoxia exposure (Wu, 2002) and a biomarker for
activation of the AhR activation (cytochrome P450, family 1, subfamily A (cypla) (Bucheli et
al., 1995)) was also measured. The transcription of two genes that are part of the cholesterol
biosynthesis pathway (3-hydroxy-3-methylglutaryl-coenzyme A synthase (hmgcs),
isopentenyl-diphosphate delta isomerase 1 (idi)) were measured as they have previously been
shown to be downregulated following linuron exposure in mature males (Uren Webster et al.,
2015). Finally, we also measured the transcription of catalase (cat), as a biomarker for
oxidative stress (Lushchak, 2011) and insulin-like growth factor-binding protein 1b (igfbp1b),
to act as a biomarker for the IGF pathway, which was shown to crosstalk with the androgen
signalling pathway and to be affected by exposure to antiandrogens (Filby et al., 2007; Uren
Webster et al., 2015). To identify the most appropriate control gene for data normalisation,
three control genes were used (ribosomal protein I8 (rpl8), ubiquitin (ubi) and beta-tubulin
(tubb4)) and regression analysis was conducted on Ct values to identify those that varied the
least between samples and conditions in each tissue. For the kidney and liver, ubi and rpl8,
respectively, were identified to be the most stable genes, and were selected as control genes
for the subsequent data analysis. Further details on primer and assay design and validation

are provided in the Supplementary Information.
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Statistical Analyses

Gene expression data was first scrutinised by the Chauvenet’s criterion to detect outliers for
each gene and these were subsequently removed before analysis (Chauvenet, 1863). Data
that did not meet the normality (Sharpo-Wilko test) and equal variance (Bartlett) test was log
transformed before analysis, and this transformation resulted in normally distributed data.
Comparison of solvent control and water control was performed using a t-test in R (Team R,
2014). All remaining data were analysed using an analysis of variance model in R. A separate
model was used for each gene, to test for effects on gene expression of the exposure to
solvent or chemical, and 100% or 50% AS (categorical variables) and the interaction between
these variables. Minimum adequate models were derived by model simplification using F tests
based on analysis of deviance (Crawley, 2102). Tests reported refer to the significance of
removing terms from the models. When a significant effect of interaction was identified,
pairwise comparisons to determine which groups differed were conducted using Tukey’s HSD

post hoc test. All data were considered statistically significant when p<0.05.

Results

Water chemistry measurements

The mean measured chemical concentrations in the tank water, were 102 + 1.4% (255 ug/l +
3.6) and 109 + 1.6% (274 ug/l £ 4.0) of the nominal concentrations for flutamide and linuron,

respectively (see Table S2 for full details).

The mean measured air saturations for the 100% and 50% treatment tanks were 97.1 + 0.2%
and 56.0 £ 0.2%, respectively, and for the remaining of the paper, we refer to these values as
the level of air saturation. The average conductivity (323.35 ys + 2.10) and pH (7.41 + 0.01)
measured in the tanks throughout exposure remained stable over time and were not affected

by the treatments.



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

Morphometric Parameters

There was no significant difference between the solvent control and the water control under
97% or 56% AS for any of the morphometric parameters measured (Fig. S1), so all chemical
exposed groups for the morphometric parameters were compared to the solvent control.
Throughout the exposure fish remained in good condition and there were no mortalities. The
mean body weight, length and condition factor were 1.40 + 0.03 ¢, 5.3 £ 0.03 cm and 0.93

+0.01 g/cm?, respectively.

Exposure to flutamide caused a significant decrease in the GSI (average measured GSI for
solvent: 0.81 + 0.07, and for flutamide: 0.65 = 0.04; P=0.020; Fig. 1A; Table 1A), but there
was no significant interaction between the chemical treatment and air saturation (P=0.612).
All other morphometric parameters measured, were not affected by the flutamide treatment
and/or reduced air saturation (HSI: P=0.907; NSI. P=0.788; Condition Factor. P=0.858;

Weight: P=0.891; Length: P=0.948; Fig. S2; Table S3A).

Exposure to linuron also caused a decrease in GSI (average measured GSI for solvent: 0.81
+ 0.07 and for linuron: 0.63 + 0.04; P=0.030; Fig. 1B.; Table 1B), but no significant interaction
between treatment and air saturation was observed (P=0.985). Exposure to linuron, either
alone or in combination with different air saturations did not affect NSI (P=0.746; Fig. S2G) or
HSI (P=0.616; Fig. S2F). Air saturation had a significant effect on the condition factor of fish
(average measured condition factor for 97 % AS: 0.90 g/cm?® + 0.016, for 56 %: 0.89 g/cm?® +
0.017; P=0.017; Fig. S2H; Table S3B), but no significant interaction was observed between
the treatment and air saturation (P=0.077). In addition, there was a significant effect of
exposure to linuron on weight (average measured weight for solvent: 1.27 g £ 0.05, for linuron:
1.53 g + 0.06; P=0.001; Fig. S2I; Table S3B) and length (average measured length for solvent:
5.16 cm = 0.07, for linuron: 5.45 cm £ 0.07; P=0.002; Fig. S2J; Table S3B), but no significant

interaction with air saturation was observed (P=0.550 and P=0.787, respectively).

Transcript profiling in the kidney
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No differences in gene transcription between the solvent control and the water control under
97% or 56% AS were observed for any gene tested (Fig. S3 and Fig. S4, respectively), and

all gene transcription data following chemical exposures was compared to the solvent control.

Flutamide exposure resulted in significantly lower spg transcription (P<0.001, Fig. 2.A.; Table
1A), but this transcript was not affected by the level of air saturation and no interaction between

flutamide and the level of air saturation were observed (P=0.316).

For linuron, a decrease in spg transcription under 97% AS compared to the solvent control
was observed (P=0.021, Fig. 2.B.; Table 1B), but this effect was absent under 56% air

saturation (P=0.992).

Transcript profiling in the liver

Flutamide and linuron, alone and in the presence of reduced air saturation did not affect the
transcription profiles of the androgen receptors (flutamide: arl: P=0.713 and ar2: P=0.520;
Fig.3.; Table 1A; linuron: arl: P=0.171 and ar2: P=0.303; Fig. 4.; Table 1B). Similarly, no effect
was observed for estrogen receptors (flutamide: esrl: P=0.107, esr2a: P=0.440 and esr2b:
P=0.651; Fig. 3.; Table 1A, linuron: esrl: P=0.986, esr2a: P= 0.058 and esr2b: P=0.324; Fig.

4.; Table 1B).

Flutamide exposure resulted in significantly lower cat transcription in the liver when exposure
occurred under 97% AS (P=0.037; Fig. 3.; Table 1A), but not under 56% AS (P=0.970). cat
transcription was not affected by linuron exposure for both 56% and 97% AS (P=0.405; Fig.

4.; Table 1B).

Flutamide exposure did not affect cypla transcription for both 56% and 97% AS (P=0.134;
Fig. 3.; Table 1A). However, exposure to linuron significantly up-regulated cypla transcription
in fish exposed under 97% AS (P=0.001; Fig. 4.; Table 1B), but this effect was not evident

when fish were exposed under 56% AS (P=0.215).



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

For the genes encoding selected cholesterol biosynthesis enzymes, hmgcs and idi, there was
no effect of treatment for flutamide (P=0.905 and P=0.464, respectively; Fig. 3.; Table 1A) or
linuron (P=0.417 and P=0.09, respectively; Fig. 4.; Table 1B). However, there was a significant
effect of air saturation on idi transcription for flutamide (P=0.011). No interaction was observed
for the igfbplb after exposure to flutamide (P=0.362; Fig. 3.; Table 1A) or linuron (P=0.771,

Fig. 4.; Table 1B).

Exposure to flutamide and linuron resulted in a significant increase in hif-7a transcription under
both 97% and 56% AS (P<0.001; Fig. 5; Table 1), but these effects were not influenced by the

level of air saturation (flutamide: P=0.584; linuron: P=0.509).

Discussion

The objective of this study was to determine the influence of reduced oxygen concentrations
in the water on the effects of chemicals with an anti-androgenic mode of action in a model fish
species. The interactions between low oxygen and each of the anti-androgens was unique to
each chemical, and this was illustrated by their contrasting effects on spiggin transcription.
The differences in how fish responded to each chemical were also evident in their
transcriptional responses in the liver, where low oxygen altered the effects of flutamide and
linuron via different gene pathways, reflecting differences in the mode of action of these

chemicals.

Flutamide inhibits spiggin transcription independently of the level of air saturation

Spiggin transcription was significantly down regulated in fish exposed to flutamide compared
to those maintained under control conditions, and this response was unaffected by low
oxygen. The strong androgen antagonistic response is consistent with previous studies
reporting that exposure of adult stickleback males to flutamide resulted in reduced spiggin
production in the kidney and the number of nests built by males (Sebire et al., 2008). In

addition, this response is also consistent with the observed decrease in GSI observed in
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exposed males, indicating an inhibition of gonadal maturation, a process dependent on
androgen signalling. Kidney hypertrophy, which is associated with spiggin production, is
controlled by 11-ketotestosterone (11-KT), the physiologically relevant androgen in fish
(Jakobsson et al., 1999), in a process induced via an AR-mediated pathway (Jolly et al., 2009).
Spiggin induction by 11-KT was shown in vitro to be blocked by the androgen receptor agonist,
flutamide (Jolly et al., 2006). This chemical acts as a potent AR antagonist via competition
with androgens preventing AR-DNA binding and transcription of androgen-dependent genes
(Wilson et al.,, 2007). There was no effect of flutamide exposure on the transcription of
androgen receptors, suggesting that auto-regulation of the AR may not have occurred under

our experimental conditions.

Reduced oxygen affects catalase transcription following exposure to flutamide

Exposure to flutamide resulted in reduced catalase transcription compared to the solvent
control under 97 % AS. Similar results were previously reported in both cell lines and in an in
vivo mice model, where catalase activity was increased under testosterone stimulation but this
activity was suppressed with the addition of flutamide (Ahlbom et al., 2001; Lateef et al., 2013).
Catalase is an antioxidant enzyme in fish and an important indicator of oxidative stress. When
the androgen receptors are blocked, a marked increase ROS generation occurs (Lateef et al.,
2013), probably as a result of inhibition of testosterone-induced catalase expression.
Therefore, in our experiment, flutamide may have reduced catalase transcription via its anti-
androgenic activity. In contrast, exposure to flutamide under 56% AS did not affect catalase
transcription. Decreases in oxygen concentration have also been shown to induce oxidative
stress in fish (Lushchak, 2011). The mechanisms by which hypoxia induces oxidative stress
are not well described, but suggestions have included greater electron leakage in the electron
transport chain, forming more ROS (Lushchak, 2011). Exposure to hypoxia was shown to
result in inductions of antioxidant response enzymes, including increased superoxide
dismutase (SOD) and catalase activities in the liver of the goldfish (Carassius auratus)

(Lushchak et al., 2001) and the common carp (Cyprinus carpio) (Lushchak, 2005). In addition,
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exposure to hypoxia resulted in increased activities of catalase and glutathione peroxidase in
the freshwater clam (Corbicula fluminea) (Vidal et al., 2002). Therefore, we hypothesise that
the increase in antioxidant defence systems induced by exposure to 56% AS may have
masked the suppression of catalase transcription observed when fish were exposed to

flutamide under normoxic conditions.

Hypoxia reduces the anti-androgenic effects of linuron likely via inhibition of the AhR pathway

Exposure of male sticklebacks to linuron resulted in a decrease in spg transcription under 97%
AS. Linuron is a relatively weak competitive AR antagonist in vitro and has been shown to
suppress androgen-dependent gene expression (Cook et al., 1993; Lambright et al., 2000).
Exposure to linuron was shown to inhibit androgen-induced spiggin protein production in the
female stickleback model (Jolly et al., 2009; Pottinger et al., 2013) but at the transcription level,
spg was not shown to decrease under linuron exposure in mature male stickleback (Hogan et
al., 2012). This difference in findings is likely to be as a result of different exposure time (Hogan
et al. exposed males for only 3 days, whereas in our study fish were exposed for 7 days) and
experimental conditions (males in this study were stimulated to mature during the experiment
by progressively increasing the photoperiod, during the winter to spring transition, whereas
the exposure by Hogan et al. was carried out under a fixed winter temperature and light
regime). Similarly to the study by Hogan et al., exposure to linuron in our study did not result

in changes in the transcription of either of the androgen receptors (Hogan et al., 2012).

Exposure to linuron under 97% AS resulted in a strong increase in the transcription of cypla
in the liver. The same finding was reported for brown trout (Salmo trutta) exposed to linuron
over 4 days, where an environmentally relevant concentration of linuron (1.7ug/L) caused a
moderate induction of cypla transcription and exposure to 225.9ug/L dramatically increased
the transcription of this gene by 560-fold (Uren Webster et al., 2015). cypla is involved in the
detoxification and/or metabolic activation of several xenobiotics and is primarily regulated via

the AhR signalling pathway, which is fundamental for the metabolism of xenobiotics
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(Monostory et al., 2009). Xenobiotics that have entered the cell bind to the AhR, form an AhR-
ligand complex which then translocates to the nucleus. The complex binds to ARNT forming
an activated transcription factor which is able to bind to xenobiotic responsive elements,
resulting in the transcription of CYP proteins (Fujii-Kuriyama et al., 2005). The induction of
cypla at both the transcript and protein levels has been used extensively as a measure of
exposure to a number of xenobiotics with the ability to activate the AhR pathway, including
planar aromatic hydrocarbons (PAH), and polychlorinated biphenyls (PCBs) (Bucheli et al.,
1995). Linuron has been reported to be one of the most potent activators of the AhR in both
fish and mice models (Takeuchi et al., 2008; Uno et al., 2011; Uren Webster et al., 2015). The
increase in cypla transcription observed following exposure to linuron under 97% AS was
reduced when exposures occurred in the presence of 56% AS. We hypothesise that, under
low air saturation, competition occurs for the dimerization partner (ARNT), which is shared by
both the oxygen-sensitive HIF pathway and the AhR pathway (Denison and Dagy, 2003). This
competition for ARNT may have resulted in a reduction of AhR-ARNT dimerization and,

consequently, a suppression of linuron-induced cypla transcription.

Under reduced oxygen, in addition to the suppression of cypla induction, the effects of linuron
on spiggin were also suppressed. The exact mechanism why this response is observed is
currently not known, due to a lack of literature on linuron biotransformation and degradation,
and how the parent compounds, as well as its metabolites, interact with androgen receptors
and/or other components of the androgen signalling pathway. However, due to the strong
effect of linuron on cypla transcription, we speculate that linuron may be required to undergo
bio-activation by CYP1A before acting as an anti-androgen, which in turn would cause the
suppression of spiggin. Under hypoxia, the suppression of the activity of the AhR pathway and
reduced induction of cypla, potentially lessening the bio-activation of linuron, may explain why
spiggin is no longer affected by the exposure. Currently, there is no information available
regarding the metabolism of linuron by the cytochrome P450 enzymes, therefore we can only

speculate. However, this mechanism has previously been suggested for the PAH, pyrene; for
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which a delay in toxicity occurs in CYP1A-morphants, which suggests that a metabolite of

pyrene is responsible for its toxicity, and not pyrene itself (Incardona et al., 2005).

Exposure to anti-androgenic chemicals induced the transcription of hypoxia-inducible factor

There was a strong up-regulation of hif-7a transcription in fish exposed to linuron and flutamide
both under 97% and 56% AS. HIF is a key oxygen sensing molecule and transcription factor
regulating the cellular response to hypoxia, which results in the adaptive response of
maintaining oxygen homeostasis under low environmental oxygen. This occurs via stimulation
of the transcription of genes that promote a series of processes including vasodilation,
erythropoiesis and angiogenesis, as well as energy production via anaerobic glycolysis
(Majmundar et al., 2010). Under normal intracellular oxygen levels, the HIF-1a subunit is
modified by the oxygen sensitive enzymes, PHDs (prolylhydroxlases), allowing the protein-
ubiquitin ligase complex to recognise HIF-1q, resulting in its degradation by the proteasome
pathway (Bruick, 2003). However, under low oxygen concentrations, HIF-1a is stabilised, due
to the inhibition of PHD. There is now accumulating evidence that HIF-1a responds to non-
hypoxic stimuli, including hormones such as insulin, growth factors, coagulation factors,
vasoactive peptides and cytokines (Fukada et al., 2002; Hellwig-Biirgel et al., 1999; Kietzmann
et al., 2003; Richard et al., 2000; Steihl et al., 2002; Triens et al., 2002; Zelzer et al., 1998),
but to our knowledge, there is no evidence in the literature for a significant hif-7a induction
following exposure to organic xenaobiotics. In our study hif-7a was strongly induced by two
chemicals with a known anti-androgen mode of action, however the mechanism by which
these chemicals induce hifl-a at the transcription level is not known. We hypothesise that
intracellular oxygen may have become depleted as a result of the metabolism of these
chemicals by the P450 cytochrome monooxygenases. Fish detoxify xenobiotics through the
reduction, oxidation or hydrolysis of compounds to more water soluble products, which, in turn,
allows their excretion to occur via the bile (Xu et al., 2005). During this process, the xenobiotic
substrate will bind to the hydrophobic site on the cytochrome P450 (CYP) enzyme (Meunier

et al., 2004), where the iron present in the enzyme is oxidised in a process that uses up cellular
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oxygen (Meunier et al., 2004; Timbrell, 1998). This process may result in intracellular oxygen
depletion in hepatocytes, which in turn could cause the up-regulation in hif-7a observed in our
study. Further studies are essential to test this hypothesis and to investigate the mechanisms
by which these two compounds cause transcriptional changes in hif-1a, and whether this is

common to other chemicals metabolised by cyp enzymes.

In many mammals, transcription levels of hif isoforms do not correlate with activation of Hif
signalling, most likely due to the stabilisation of Hif-1a protein under low cellular oxygen
concentration in the absence of transcriptional regulation of hif genes (Pelster et al., 2018).
However, in fish many studies have reported elevated transcription of hif in response to
hypoxic conditions. For example, exposure of hypoxia resulted in increased hif-1a
transcription in the liver, brain and heart muscle of the sea bass (Terova et al., 2008) and the
liver, gill and testis of the Wuchang sea bream (Shen et al., 2010). Despite this, little is known
regarding the functional significance of these transcriptional changes as a result of hypoxic
exposure. In our study, despite significant increases in hif-1a transcription observed as a result
of exposure to either linuron or flutamide, there was no significant effect of air saturation on
the transcription level of this gene. This discrepancy compared to other studies in fish may be
explained by a number of factors including differences between the species studied, and/or

differences in the duration or in the intensity of the hypoxia exposure.

Conclusions

We have demonstrated that reduced oxygen in the water can suppress the anti-androgenic
activity of linuron, and hypothesised that this occurs via competition between the HIF and AhR
pathways. In addition, we demonstrated that hypoxia did not modify the effects of flutamide
exposure on spiggin transcription, at least for the concentrations and experimental conditions
tested. Despite both chemicals being considered to be anti-androgenic, they had a very
different molecular response alone and in combination with hypoxia, both in the kidney and in

the liver. Given the increased presence and severity of hypoxia in aquatic systems, the data
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we present supports the need to consider how the concentration of oxygen in the environment
affects the toxicity of a wide range of environmental relevant xenobiotics with the potential to

adversely impact fish populations.
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446  Figure 1. Gonadosomatic index (GSI) in fish following exposure to the anti-androgenic chemicals flutamide and linuron under different levels of
447  air saturation. Male sticklebacks were exposed to A: 0 or 250 pg Flutamide/L or B: 0 or 250 ug Linuron/L for 7 days under 97.1 £0.2% AS and
448  56.0 £0.2% AS (n=8 individuals per treatment). Statistics were carried out using accepted minimum adequate models (analysis of variance

449  model, R; P<0.05) with model details reported in Table 1. There was a significant effect of treatment on GSI for both flutamide and linuron

450  exposure (P<0.05).
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Figure 2. Transcript profiles for spiggin following exposure of fish to the anti-androgenic chemicals flutamide and linuron under different levels of
air saturation. Male sticklebacks were exposed to A: 0 or 250 yg Flutamide/L or B: 0 or 250 ug Linuron/L for 7 days under 97.1 +0.2% AS and
56.0 £0.2% AS. Plotted data is translated (+1), then LOG10 transformed and presented as fold change (normalised against the expression of the
control gene ubi, n=6-8 per treatment group). Statistics were carried out using accepted minimum adequate models (analysis of variance model,
R; P<0.05) with model details reported in Table 1. For linuron, letters above each bar indicate significant differences between treatment groups
when there was a significant interaction from the model (Tukey’s HSD post hoc test; P<0.05). For flutamide there was no significant interaction

from the model but there was a significant effect of treatment (P<0.001).
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460  Figure 3. Transcript profiles for selected target genes in the liver of fish following exposure to flutamide under different levels of air saturation.
461  Male sticklebacks were exposed to O or 250 pg flutamide/L for 7 days under 97.1 +0.2% AS and 56.0 +0.2% AS. Transcript profiles were

462  determined using RT-QPCR. Genes analysed included: androgen receptors (arl and ar2), catalase (cat), cyctochrome P450, family 1, subfamily
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A (cypla), estrogen receptors (esrl, esr2a and esr2b), 3-hydroxy-3-methylglutaryl-coenzyme A synthase (hmgcs), isopentenyl-diphosphate delta
isomerase 1 (idi) and insulin-like growth factor-binding protein 1b (igfbplb). Plotted data are presented as fold change (normalised against the
expression of the control gene rpl8, n=6-8 per treatment group). Statistics were carried out using accepted minimum adequate models (analysis
of variance model, R; P<0.05) with model details reported in Table 1A. Letters above each bar indicate significant differences between treatment
groups when there was a significant interaction from the model (Tukey’s HSD post hoc test; P<0.05). For idi and igfbplb, there was a significant

effect of air saturation on gene transcription (P=0.011 and P=0.001, respectively).
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Figure 4. Transcript profiles for selected target genes in the liver of fish following exposure to linuron under different levels of air saturation. Male
sticklebacks were exposed to 0 or 250 ug linuron/L for 7 days under 97.1 £+0.2% AS and 56.0 +0.2% AS. Transcript profiles were determined
using RT-QPCR. Genes analysed included: androgen receptors (arl and ar2), catalase (cat), cyctochrome P450, family 1, subfamily A (cypla),

estrogen receptors (esrl, esr2a and esr2b), 3-hydroxy-3-methylglutaryl-coenzyme A synthase (hmgcs), isopentenyl-diphosphate delta isomerase
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477

1 (idi) and insulin-like growth factor-binding protein 1b (igfbplb). Plotted data are presented as average fold change (normalised against the
expression of the control gene rpl8, n=6-8 per treatment group). Statistics were carried out using accepted minimum adequate models (analysis
of variance model, R; P<0.05) with model details reported in Table 1B. Letters above each bar indicate significant differences between treatment

groups when there was a significant interaction from the model (Tukey’s HSD post hoc test; P<0.05)
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Figure 5. Transcript profiles for hif-7a following exposure to two anti-androgenic chemicals under different levels of air saturation. Male
sticklebacks were exposed to A: 0 or 250 ug Flutamide/L or B: 0 or 250 pg Linuron/L for 7 days under 97.1 £0.2% AS and 56.0 £0.2% AS.
Transcript profiles were determined using RT-QPCR and plotted data are presented as average fold change (normalised against the expression
of the control gene rpl8, n=6-8 per treatment group). Statistics were carried out using accepted minimum adequate models (analysis of variance
model, R; P<0.05), with model details reported in Table 1. For linuron, letters above each bar indicate significant differences between treatment
groups when there was a significant interaction from the model (Tukey’ HSD post hoc test; P<0.05). For flutamide there was no significant

interaction from the model, but a significant effect of treatment was observed (P<0.001).
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Table 1

Analysis of variance models for the relationships between chemical exposure, air
saturation and the chemical/air saturation interaction measured in fish exposed to A)
flutamide and B) linuron under 97% or 56% AS. Minimum adequate models (F value)
for gonadosomatic index (GSI) and for relative transcription are shown for the genes
analysed: androgen receptors (arl and ar2), catalase (cat), cyctochrome P450, family
1, subfamily A (cypla), estrogen receptors (esrl, esr2a and esr2b), 3-hydroxy-3-
methylglutaryl-coenzyme A synthase (hmgcs), hypoxia inducible factor 1-a (hif-7a),
isopentenyl-diphosphate delta isomerase 1 (idi), insulin-like growth factor-binding
protein 1b (igfbplb) and spiggin (spg). The minimum adequate models were selected
by model simplification using F tests based on analysis of variance. (Significance

codes: * P<0.05, ** P<0.01, *** P<0.001, NS P>0.05; Not Significant).

Minimum Adequate Model
df Treatment Air Treatment / Air
Saturation Sat. Interaction
A) Flutamide

GSlI 29 5.39* NS NS
arl NS NS NS NS
ar2 NS NS NS NS

cat 26 10.38*** 2.71 5.80*
cypla NS NS NS NS
esrl NS NS NS NS
esr2a NS NS NS NS
esr2b NS NS NS NS
hifla 27 294.82*** NS NS
hmgcs NS NS NS NS
idi 27 NS 6.39* NS
igfbplb 26 NS 4.22 NS
spg 27 22.03*** NS NS

B) Linuron

GSlI 29 4.76* NS NS
arl NS NS NS NS
ar2 NS NS NS NS
cat NS NS NS NS
cypla 20 1.53 20.90*** 3.98
esrl NS NS NS NS
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esr2a NS NS NS NS
esr2b NS NS NS NS
hifla 26 226.58*** 0.45 4.73*
hmgcs NS NS NS NS
idi NS NS NS NS
igfbplb NS NS NS NS
spg 26 0.63 5.78* 4.02




499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

References

Ahlbom, E.; Prins, G. S.; Ceccatelli, S., 2001. Testosterone protects cerebellar granule
cells from oxidative stress-induced cell death through a receptor mediated mechanism.

Brain Res. 892 (2), 255-262.

Ankley, G. T.; Defoe, D. L.; Kahl, M. D.; Jensen, K. M.; Makynen, E. A.; Miracle, A;
Hartig, P.; Gray, L. E.; Cardon, M.; Wilson, V., 2004. Evaluation of the model anti-
androgen flutamide for assessing the mechanistic basis of responses to an androgen in

the fathead minnow (Pimephales promelas). Environ. Sci. Technol. 38 (23), 6322-6327.

Brian, J. V.; Beresford, N.; Walker, J.; Pojana, G.; Fantinati, A.; Marcomini, A.; Sumpter,
J. P., 2008. Hypoxia does not influence the response of fish to a mixture of estrogenic

chemicals. Environ. Sci. Technol. 43 (1), 214-218.

Bruick, R. K., 2003. Oxygen sensing in the hypoxic response pathway: regulation of the

hypoxia-inducible transcription factor. Genes. Dev. 17 (21), 2614-2623.

Bucheli, T. D.; Fent, K., 1995. Induction of cytochrome P450 as a biomarker for
environmental contamination in aquatic ecosystems. Crit. Rev. Environ. Sci. Technol. 25

(3), 201-268.

Chauvenet, W., 1863. A Manual of Spherical and Practical Astronomy: 2: Theory and

use of astronomical instruments. Lippincott; Vol. 2.

Cheek, A. O.; Landry, C. A.; Steele, S. L.; Manning, S., 2009. Diel hypoxia in marsh
creeks impairs the reproductive capacity of estuarine fish populations. Mar. Ecol. Prog.

Ser. 392, 211-221.

Cook, J.; Mullin, L.; Frame, S.; Biegel, L., 1993. Investigation of a mechanism for Leydig

cell tumorigenesis by linuron in rats. Toxicol. Appl. Pharmacol.119 (2), 195-204.

Crawley, M. J. The R book. John Wiley & Sons: 2012.



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

Denison, M. S.; Nagy, S. R., 2003. Activation of the aryl hydrocarbon receptor by
structurally diverse exogenous and endogenous chemicals. Annu. Rev. Pharmacol.

Toxicol. 43 (1), 309-334.

Diaz, R. J.; Rosenberg, R., 2008. Spreading dead zones and consequences for marine

ecosystems. Science. 321 (5891), 926-929.

Fitzgerald, J. A.; Urbina, M. G.; Rogers, N. J.; Bury, N. R.; Katsiadaki, I.; Wilson, R. W_;
Santos, E. M., 2019. Sublethal exposure to copper supresses the ability to acclimate to

hypoxia in a model fish species. Aquat. Toxicol. 217, 105325.

Filby, A. L.; Thorpe, K. L.; Maack, G.; Tyler, C. R., 2007. Gene expression profiles
revealing the mechanisms of anti-androgen- and estrogen-induced feminization in fish.

Aquat. Tox. 81 (2), 219-231.

Fleming, C. R.; Di Giulio, R. T., 2011. The role of CYP1A inhibition in the embryotoxic
interactions between hypoxia and polycyclic aromatic hydrocarbons (PAHs) and PAH

mixtures in zebrafish (Danio rerio). Ecotoxicol. 20 (6), 1300-1314.

Fujii-Kuriyama, Y.; Mimura, J., 2005. Molecular mechanisms of AhR functions in the
regulation of cytochrome P450 genes. Biochem. Biophys. Res. Commun. 338 (1), 311-

317.

Fukuda, R.; Hirota, K.; Fan, F.; Do Jung, Y.; Ellis, L. M.; Semenza, G. L., 2002. Insulin-
like growth factor 1 induces hypoxia-inducible factor 1-mediated vascular endothelial
growth factor expression, which is dependent on MAP kinase and phosphatidylinositol

3-kinase signaling in colon cancer cells. J. Biol. Chem. 277 (41), 38205-38211.

Geoghegan, F.; Katsiadaki, I.; Williams, T. D.; Chipman, J. K., 2008. A cDNA microarray
for the three spined stickleback, Gasterosteus aculeatus L., and analysis of the
interactive effects of oestradiol and dibenzanthracene exposures. J. Fish. Biol. 72 (2008),

2133-2153.



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Gotanda, K.; Reardon, E.; Chapman, L., 2011. Hypoxia and male behaviour in an African

cichlid Pseudocrenilabrus multicolor victoriae. J. Fish. Biol. 78 (7), 2085-2092.

Hahlbeck, E.; Katsiadaki, |.; Mayer, |.; Adolfsson-Erici, M.; James, J.; Bengtsson, B.-E.,
2004. The juvenile three-spined stickleback (Gasterosteus aculeatus L.) as a model
organism for endocrine disruption ll—kidney hypertrophy, vitellogenin and spiggin

induction. Aquat. Toxicol. 70 (4), 311-326.

Hamilton, P. B.; Lange, A.; Nicol, E.; Bickley, L. K.; De-Bastos, E. S.; Jobling, S.; Tyler,
C. R., 2015. Effects of Exposure to WwTW Effluents over Two Generations on Sexual
Development and Breeding in Roach Rutilus rutilus. Environ. Sci. Technol. 49 (21),

12994-13002.

Harries, J. E.; Sheahan, D. A.; Matthiessen, P.; Neall, P.; Rycroft, R.; Tylor, T.; Jobling,
S.; Routledge, E. J.; Sumpter, J. P., 1996. A survey of estrogenic activity in United

Kingdom inland waters. Environ. Toxicol. Chem. 15 (11), 1993-2002.

Harris, P., 1995. Water quality impacts from on-site waste disposal systems to coastal

areas through groundwater discharge. Environ. Geol. 26 (4), 262-268.

Hayes, T. B.; Collins, A.; Lee, M.; Mendoza, M.; Noriega, N.; Stuart, A. A.; Vonk, A.,
2002. Hermaphroditic, demasculinized frogs after exposure to the herbicide atrazine at

low ecologically relevant doses. Proc. Natl. Acad. Sci. U.S.A. 99 (8), 5476-5480.

Hellwig-Burgel, T.; Rutkowski, K.; Metzen, E.; Fandrey, J.; Jelkmann, W., 1999.
Interleukin-1B and tumor necrosis factor stimulate DNA binding of hypoxia-inducible

factor-1. Blood. 94 (5), 1561-1567.

Hoga, N. S.; Wartman, C. A.; Finley, M. A.; van der Lee, J. G.,; van den Heuvel, M. R,
2008. Simultaneous determination of androgenic and estrogenic endpoints in the
threespine stickleback (Gasterosteus aculeatus) using quantitative RT-PCR. Aquat. Tox.

90 (4), 269-276.



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Hogan, N. S.; Gallant, M. J.; van den Heuvel, M. R., 2012. Exposure to the pesticide
linuron affects androgen-dependent gene expression in the three-spined stickleback

(Gasterosteus aculeatus). Environ. Toxicol. Chem. 31 (6), 1391-1395.

Incardona, J. P.; Carls, M. G.; Teraoka, H.; Sloan, C. A.; Caollier, T. K.; Scholz, N. L.,
2005. Aryl hydrocarbon receptor-independent toxicity of weathered crude oil during fish

development. Environ. Health. Perspect. 1755-1762.

Jakobsson, S.; Borg, B.; Haux, C.; Hyllner, S., 1999. An 11-ketotestosterone induced
kidney-secreted protein: the nest building glue from male three-spined stickleback,

Gasterosteus aculeatus. Fish. Physiol. Biochem. 20 (1), 79-85.

Jobling, S.; Nolan, M.; Tyler, C. R.; Brighty, G.; Sumpter, J. P., 1999. Widespread sexual

disruption in wild fish. Environ. Sci. Tech. 32 (17), 2498-2506.

Jobling, S.; Beresford, N.; Nolan, M.; Rodgers-Gray, T.; Brighty, G.; Sumpter, J.; Tyler,
C., 2002. Altered sexual maturation and gamete production in wild roach (Rutilus rutilus)

living in rivers that receive treated sewage effluents. Biol. Reprod. 66 (2), 272-281.

Jobling, S.; Burn, R. W.; Thorpe, K.; Williams, R.; Tyler, C., 2009. Statistical modeling
suggests that antiandrogens in effluents from wastewater treatment works contribute to
widespread sexual disruption in fish living in English rivers. Environ. Health Perspect.

117 (5), 797.

Jolly, C.; Katsiadaki, I.; Le Belle, N.; Mayer, I.; Dufour, S., 2006. Development of a
stickleback kidney cell culture assay for the screening of androgenic and anti-androgenic

endocrine disrupters. Aquat. Toxicol. 79 (2), 158-166.

Jolly, C.; Katsiadaki, I.; Morris, S.; Le Belle, N.; Dufour, S.; Mayer, I.; Pottinger, T. G.;
Scott, A. P., 2009. Detection of the anti-androgenic effect of endocrine disrupting
environmental contaminants using in vivo and in vitro assays in the three-spined

stickleback. Aquat. Toxicol. 92 (4), 228-239.



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

Jones, J. C.; Reynolds, J. D., 1999. The influence of oxygen stress on female choice for

male nest structure in the common goby. Anim. Behav. 57 (1), 189-196.

Katsiadaki, I.; Morris, S.; Squires, C.; Hurst, M. R.; James, J. D.; Scott, A. P., 2006. Use
of the three-spined stickleback (Gasterosteus aculeatus) as a sensitive in vivo test for

detection of environmental antiandrogens. Environ. Health. Perspect. 114, 115-121.

Katsiadaki, I.; Sanders, M.; Sebire, M.; Nagae, M.; Soyano, K.; Scott, A. P., 2007. Three-
spined stickleback: an emerging model in environmental endocrine disruption. Environ.

Sci. 14 (5), 263-283.

Kietzmann, T.; Samoylenko, A.; Roth, U.; Jungermann, K., 2003. Hypoxia-inducible
factor-1 and hypoxia response elements mediate the induction of plasminogen activator
inhibitor-1 gene expression by insulin in primary rat hepatocytes. Blood. 101 (3), 907-

914.

Lambright, C.; Ostby, J.; Bobseine, K.; Wilson, V.; Hotchkiss, A.; Mann, P.; Gray, L.,
2000. Cellular and molecular mechanisms of action of linuron: an antiandrogenic
herbicide that produces reproductive malformations in male rats. Toxicol. Sci. 56 (2),

389-399.

Landry, C.; Steele, S.; Manning, S.; Cheek, A., 2007. Long term hypoxia suppresses
reproductive capacity in the estuarine fish, Fundulus grandis. Comp. Biochem. Physiol.

Part A: Mol. Integr. Physiol. 148 (2), 317-323.

Lange, I. G.; Daxenberger, A.; Schiffer, B.; Witters, H.; Ibarreta, D.; Meyer, H. H., 2002.
Sex hormones originating from different livestock production systems: fate and potential

disrupting activity in the environment. Anal. Chim. Acta. 473 (1), 27-37.

Lange, A.; Paull, G. C.; Hamilton, P. B.; Iguchi, T.; Tyler, C. R., 2011. Implications of
persistent exposure to treated wastewater effluent for breeding in wild roach (Rutilus

rutilus) populations. Environ. Sci. Technol. 45 (4), 1673-1679.



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

Lateef, A.; Khan, A. Q.; Tahir, M.; Khan, R.; Rehman, M. U.; Ali, F.; Hamiza, O. O,
Sultana, S., 2013. Androgen deprivation by flutamide modulates uPAR, MMP-9
expressions, lipid profile, and oxidative stress: amelioration by daidzein. Mol. Cell.

Biochem. 374 (1-2), 49-59.

Lushchak, V. |.; Lushchak, L. P.; Mota, A. A.; Hermes-Lima, M., 2001. Oxidative stress
and antioxidant defenses in goldfish Carassius auratus during anoxia and reoxygenation.

Am. J. Physiol. Regul. Integr. Comp. Physiol. 280 (1), R100-R107.

Lushchak, V. I.; Bagnyukova, T. V.; Lushchak, V.; Storey, J. M.; Storey, K. B., 2005.
Hypoxia and recovery perturb free radical processes and antioxidant potential in

common carp (Cyprinus carpio) tissues. Int. J. Biochem. Cell. Biol. 37 (6), 1319-1330.

Lushchak, V. I., 2011. Environmentally induced oxidative stress in aquatic animals.

Aquat. Toxicol. 101 (1), 13-30.

Majmundar, A. J.; Wong, W. J.; Simon, M. C., 2010. Hypoxia-inducible factors and the

response to hypoxic stress. Mol. Cell. 40 (2), 294-309.

McElroy A.; Clark, C.; Duffy, T.; Cheng, B.; Gondek, J.; Fast, M.; Cooper, K.; White, L.
2012. Interactions between hypoxia and sewage-derived contaminants on gene

expression in fish embryos. Aquat. Toxicol. 108, 60-69.

Meunier, B.; De Visser, S. P.; Shaik, S., 2004. Mechanism of oxidation reactions

catalyzed by cytochrome P450 enzymes. Chem. Rev. 104 (9), 3947-3980.

Monostory, K.; Pascussi, J.-M.; Kdébori, L.; Dvorak, Z., 2009. Hormonal regulation of

CYP1A expression. Drug. Metab. Rev. 41 (4), 547-572.

OECD., 2002. Final OECD report of the work towards the validation of the rat
Hershberger assay: phase-1, androgenic response to testosterone propionate, and anti-

androgenic effects of flutamide. ENV/IM/TG/EDTA(2002)1/REV2. OECD, Paris.



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

OECD., 2011. Fish Sexual Development Test, OECD Test guideline 234, adopted 28™

July 2011.

Orton, F.; Lutz, I.; Kloas, W.; Routledge, E. J., 2009. Endocrine disrupting effects of
herbicides and pentachlorophenol: in vitro and in vivo evidence. Environ. Sci. Technol.

43 (6), 2144-2150.

Patterson, M., 2004. Linuron: Analysis of risks to endangered and threatened salmon

and steelhead. Environ. Field. Branch. Office. of Pesticide. Programs.

Peichel, C. L.; Ross, J. A.; Matson, C. K.; Dickson, M.; Grimwood, J.; Schmutz, J.; Myers,
R. M.; Mori, S.; Schluter, D.; Kingsley, D. M., 2004. The master sex-determination locus

in threespine sticklebacks is on a nascent Y chromosome. Curr. Biol. 14 (16), 1416-1424.

Pelster, P.; Egg, M., 2018. Hypoxia-inducible transcription factors in fish: expression,

function, and interconnection with the circadian clock. J.Exp. Bio. 221 (13), 1-13.

Pest Management Regulatory Agency, P. R. D. P., 2012. Linuron. , Tecnical report
prepared for Pest Management Regulatory Agency, Health Canada: Ottawa, Ontario,

Canada.

Pottinger, T. G.; Katsiadaki, 1.; Jolly, C.; Sanders, M.; Mayer, |.; Scott, A. P.; Morris, S.;
Kortenkamp, A.; Scholze, M., 2013. Anti-androgens act jointly in suppressing spiggin
concentrations in androgen-primed female three-spined sticklebacks — Prediction of

combined effects by concentration addition. Aquat. Toxicol. 140-141 (0), 145-156.

Purdom, C.; Hardiman, P.; Bye, V.; Eno, N.; Tyler, C.; Sumpter, J., 1994. Estrogenic

effects of effluents from sewage treatment works. Chem. Ecol. 8 (4), 275-285.

R.E.D., U. S. E. P. A, Facts Linuron; Technical report no. EPA-738-F-95-003; prepared
for Special Review and Reregistration Division (7508W), Office of Pesticides Programs,

United States Environmental Protection Agency: Washington, DC, . 1995.



671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Richard, D. E.; Berra, E.; Pouysségur, J., 2000. Nonhypoxic pathway mediates the
induction of hypoxia-inducible factor 1a in vascular smooth muscle cells. J. Biol. Chem.

275 (35), 26765-26771.

Sebire, M.; Allen, Y.; Bersuder, P.; Katsiadaki, I., 2008. The model anti-androgen
flutamide suppresses the expression of typical male stickleback reproductive behaviour.

Aquat. Toxicol. 90 (1), 37-47.

Shang, E. H.; Yu, R. M.; Wu, R. S., 2006. Hypoxia affects sex differentiation and
development, leading to a male-dominated population in zebrafish (Danio rerio). Environ.

Sci. Technol. 40 (9), 3118-3122.

Shen. R. J; Jiang, X. Y.; Pu. J. W. ; Zou. S. M., 2010. Hif-1a and -2a genes in a hypoxia-
sensitive teleost species Megalobrama amblycephala: cDNA cloning, expression and
different response to hypoxia. Comp. Biochem. Physiol. Part B. Biochem. Mol. Biol. 157,

273-280.

Singh, S. M.; Gauthier, S.; Labrie, F., 2000. Androgen receptor antagonists

(antiandrogens) structure-activity relationships. Curr. Med. Chem. 7 (2), 211-247.

Stiehl, D. P.; Jelkmann, W.; Wenger, R. H.; Hellwig-Burgel, T., 2002. Normoxic induction
of the hypoxia-inducible factor 1a by insulin and interleukin-18 involves the

phosphatidylinositol 3-kinase pathway. FEBS Lett. 512 (1-3), 157-162.

Takeuchi, S.; lida, M.; Yabushita, H.; Matsuda, T.; Kojima, H., 2008. In vitro screening
for aryl hydrocarbon receptor agonistic activity in 200 pesticides using a highly sensitive
reporter cell line, DR-EcoScreen cells, and in vivo mouse liver cytochrome P450-1A

induction by propanil, diuron and linuron. Chemosphere. 74 (1), 155-165.

Tamura, H.; Maness, S. C.; Reischmann, K.; Dorman, D. C.; Gray, L. E.; Gaido, K. W.,
2001. Androgen receptor antagonism by the organophosphate insecticide fenitrothion.

Toxicol. Sci. 60 (1), 56-62.



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

Team, R., 2014. C. R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2012. Open access available at:

http://cran. r-project. org.

Terova, G.; Rimoldi, S.; Cora, S.; Bernardini, G.; Gornati, R; Saroglia, M., 2008. Acute
and chronic hypoxia affects Hif-la mRNA levels in sea bass (Dicentrarchus labrax).

Aquaculture. 279, 150-159.

Thomas, P.; Rahman, M. S.; Kummer, J. A.; Lawson, S., 2006. Reproductive endocrine

dysfunction in Atlantic croaker exposed to hypoxia. Mar. Environ. Res. 62, S249-S252.

Thomas, P.; Rahman, M. S.; Khan, I. A.; Kummer, J. A., 2007. Widespread endocrine
disruption and reproductive impairment in an estuarine fish population exposed to

seasonal hypoxia. Proc. R. Soc. Biol. 274, 2693-2701.

Thomas, P.; Rahman, M. S., 2010. Region-wide impairment of Atlantic croaker testicular
development and sperm production in the northern Gulf of Mexico hypoxic dead zone.

Mar. Environ. Res. 69, S59-S62.

Timbrell, J. A., 1998. Biomarkers in toxicology. Toxicology.129, 1-12.

Treins, C.; Giorgetti-Peraldi, S.; Murdaca, J.; Semenza, G. L.; Van Obberghen, E., 2002.
Insulin stimulates hypoxia-inducible factor 1 through a phosphatidylinositol 3-
kinase/target of rapamycin-dependent signaling pathway. J. Biol. Chem. 277 (31),

27975-27981.

Truett, G.; Heeger, P.; Mynatt, R.; Truett, A.; Walker, J.; Warman, M., 2000. Preparation
of PCR-quality mouse genomic DNA with hot sodium hydroxide and tris (HotSHOT).

Biotechniques. 29 (1), 52, 54.

Tyler, C.; Jobling, S.; Sumpter, J., 1998. Endocrine disruption in wildlife: a critical review

of the evidence. Crit. Rev. Toxicol. 28 (4), 319-361.



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

Uno, T.; Kaji, S.; Goto, T.; Imaishi, H.; Nakamura, M.; Kanamaru, K.; Yamagata, H.;
Kaminishi, Y.; Itakura, T., 2011. Metabolism of the herbicides chlorotoluron, diuron,
linuron, simazine, and atrazine by CYP1A9 and CYP1C1 from Japanese eel (Anguilla

japonica). Pest. Biochem. Physiol. 101 (2), 93-102.

Uren Webster, T. M.; Laing, L. V.; Florance, H.; Santos, E. M., 2014. Effects of
glyphosate and its formulation, roundup, on reproduction in zebrafish (Danio rerio).

Environ. Sci. Technol. 48 (2), 1271-1279.

Uren Webster, T. M.; Perry, M. H.; Santos, E. M., 2015. The herbicide linuron inhibits
cholesterol biosynthesis and induces cellular stress responses in brown trout. Environ.

Sci. Technol. 49 (5), 3110-3118.

Vidal, M.-L.; Basseres, A.; Narbonne, J.-F., 2002. Influence of temperature, pH,
oxygenation, water-type and substrate on biomarker responses in the freshwater clam
Corbicula fluminea (Muller). Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 132

(1), 93-104.

Wang, S.; Yen, S. S. F.; Randall, D. J.; Hung, C. Y.; Tsui, T. K. N.; Poon, W. L.; Lai, J.
C. C,; Zhang, Y.; Lin, H., 2008. Hypoxia inhibits fish spawning via LH-dependent final

oocyte maturation. Comp. Biochem. Physiol. Part C. 148, 363-369.

Wilson, V. S.; Cardon, M. C.; Gray, L. E.; Hartig, P. C., 2007. Competitive binding
comparison of endocrine-disrupting compounds to recombinant androgen receptor from

fathead minnow, rainbow trout, and human. Environ. Toxicol. Chem. 26 (9), 1793-1802.

Wu, R. S. S., 2002. Hypoxia: from molecular responses to ecosystem responses. Mar.

Pollut. Bull. 45, 33-45.

Wu, R. S. S.; Zhou, B. S.; Randall, D. J.; Woo, N. Y. S.; Lam, P. K. S., 2003. Aquatic
hypoxia is an endocrine disruptor and impairs fish reproduction. Environ. Sci. Technol.

37,1137-1141.



745

746

747

748

749

Xu, C.; Li, C. Y.-T.; Kong, A.-N. T., 2005. Induction of phase I, Il and Il drug

metabolism/transport by xenobiotics. Arch. Pharmacal. Res. 28 (3), 249-268.

Zelzer, E.; Levy, Y.; Kahana, C.; Shilo, B. Z.; Rubinstein, M.; Cohen, B., 1998. Insulin
induces transcription of target genes through the hypoxia-inducible factor HIF-1a/ARNT.

EMBO J. 17 (17), 5085-5094.



