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ABSTRACT

Chemical risk assessment procedures assign a major role to standardised toxicity tests,
in which the response of a particular organism to a single test substance is determined
under otherwise constant and favourable conditions in the laboratory. This approach
fails to consider the potential for chemical interactions, as well as failing to consider
how the toxicological response varies, depending on the conditions of exposure. As
yet, the issue of confounding factors on chemically-mediated effects in wildlife has
received little attention, despite the fact that a range of physicochemical parameters,
including temperature, water quality and pH, are known to modify chemical toxicity.
Here, we consider how the estrogenic response of fish varies with regard to hypoxia.
Fathead minnows (Pimephales promelas) were exposed to a mixture of estrogenic
chemicals under hypoxic or normoxic conditions. Their estrogenic response was
characterised using an in vivo assay, involving the analysis of the egg yolk protein,
vitellogenin (VTG). The results revealed that there was no effect of hypoxia on the
VTG response in either treatment group at the end of the exposure period. This
suggests that this endpoint is robust and relatively insensitive to the effects of any
physiological changes that arise as a result of hypoxia. The implications of these
negative findings are discussed in terms of their relevance with regard to the

development of risk assessment policy.

KEY WORDS:

Fathead minnow, multiple stress, hypoxia, endocrine disruption, estrogen, mixture,

vitellogenin.
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1. INTRODUCTION

Hypoxia is a phenomenon that occurs in both marine and freshwater environments,
affecting many thousands of km?, worldwide. In this context, it is defined as
dissolved oxygen (DO) levels of less than 2.8 mg/l (1). These conditions are
generally of detriment to the survival of aquatic organisms, having been associated
with mass mortalities, benthic defaunation and declining fisheries production (2).
Although hypoxia can occur as a result of natural stratification in some systems,
through the formation of haloclines and thermoclines, the incidence and extent of this
phenomenon has increased in recent decades as a result of excessive inputs of
nutrients and organic matter into water bodies with poor circulation. An example is
provided by the situation in the northern Gulf of Mexico, where the hypoxic region
has averaged over 15,600 km?in size since 1993, as a result of the increased use of
nitrate fertilisers (3). Situations such as this are likely to be exacerbated in the future
due to the increase in the intensity of agricultural practices and the rate of human
population growth in coastal areas, combined with the impacts of global climate

change (4).

Fish have developed two main strategies for coping with hypoxia. The first is to
invoke various behavioural and physiological responses that increase oxygen delivery.
For example, ventilation rates are increased and glycolysis, with lactic acid as an end
product, is induced to resist the effects of hypoxia in the short term (5). A second
strategy, which may be invoked following prolonged exposure, is to conserve energy
by metabolic suppression (2). This is apparent from the analysis of gene expression
patterns in the mudsucker, Gillichthys mirabili, which revealed that cellular growth is

suppressed under hypoxic conditions in order to allow energy to be channelled into
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essential metabolic processes (6). However, in contrast with their capacity to protect
against hypoxia, it would appear that these responses are associated with a reduction
in the tolerance of fish to simultaneous chemical challenge. Increased toxicity under
low oxygen conditions has been demonstrated for a range of micro-pollutants (e.g.
cyanide, ammonia) and for some metals (e.g. copper, cadmium), leading to reduced
survival of fish in multiple stress exposure situations (7-11). This phenomenon may
be linked to the enhanced uptake of toxicants under hypoxic conditions; there is an
apparent link between DO, ventilation rate and toxicity (9). However, the evidence

surrounding this issue remains equivocal (8).

Currently, little is known about the potential influence of hypoxia on the response of
fish to endocrine disrupting chemicals (EDCs), such as the environmental estrogens.
However, this issue is pertinent for two reasons. Firstly, the input of nutrients into the
environment from anthropogenic sources often coincides with the presence of EDCs
(e.g. in sewage treatment works effluent), creating multiple stress exposure situations.
Secondly, there is growing evidence that hypoxia can, on its own, cause endocrine-
mediated disturbances in fish. Whilst the mechanism(s) responsible are still under
investigation, it would appear that changes in the hormonal balance of the common
carp, Cyprinus carpio, that occur in response to hypoxia are associated with retarded
gonadal development, reduced spawning success, sperm motility, fertilisation success,
hatching rate and larval survival (12). Subsequent research has revealed effects on
sex differentiation and development in the zebrafish, Danio rerio, leading to male-
dominated populations (13). In view of this evidence, it seems likely that hypoxia
may act as a confounding factor in determining the way in which fish respond to

chemical challenges mediated via the endocrine system.
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The environmental literature rarely considers the influence of physicochemical factors
on endocrine mediated effects, which is probably due, at least in part, to the difficulty
in designing appropriate experiments for detecting these highly complex interactions.
However, some insight into influence of hypoxia on the estrogenic response can be
garnered from the biomedical field. For example, cancer research, using microarray
technology, has revealed that hypoxia and estrogen interact to modulate gene

expression in an in vitro study, involving human breast cancer cells (14).

In the present study, we compare the response of fathead minnows (FHM; Pimephales
promelas) exposed to a mixture of estrogenic chemicals under hypoxic vs. normoxic
conditions, using an in vivo assay that is based on the induction of egg yolk protein
(vitellogenin; VTG) synthesis in male fish (15). There is already evidence to suggest
that hypoxia is associated with altered VTG levels in wild estuarine fish, as well as
those maintained under laboratory conditions (16). However, here, we will consider
the influence of hypoxia on the VTG response of male fish stimulated by exposure to
a defined mixture of estrogenic chemicals. The data generated will contribute to our
understanding of the risks that exist in multiple stress exposure situations, which is of

relevance with regard to the development of risk assessment methodology.

2. MATERIALS AND METHODS

2.1 Experimental Design

The design of this investigation is based on that of a previous study by Brian et al.
(17), in which the response of male FHM to a defined mixture of estrogenic chemicals
was characterised, using the induction of plasma VTG as an endpoint, following an

exposure period of two weeks. The mixture consisted of the endogenous steroidal



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

estrogen, 17 g-estradiol (E2) and the synthetic steroidal estrogen, 17 a—ethinylestradiol
(EE2), as well as three other environmentally relevant chemicals that have the
capacity to mimic the actions of estrogen; namely 4-tert-nonylphenol (NP), 4-tert-
octylphenol (OP) and bisphenol-A (BPA). Stocks of E2 (98% purity), EE2 (98%
purity), OP (97% purity) and BPA (99% purity) were purchased from Sigma Aldrich,
Dorset, UK. NP (99% purity) was obtained from ACROS Organics, Leicestershire,
UK. Each of the chemicals was combined at a fixed ratio, based on their potency with
regard to the induction of VTG. The joint action of these chemicals is known to be

consistent with predictions based on concentration additivity (CA; 17).

A master stock, containing each component of the mixture at a concentration that was
known to elicit a 50% response with regard to the induction of VTG (i.e. its EC50),
was prepared in dimethylformamide (DMF; VWR International, Leicestershire, UK).
This master stock, which comprised 13.5 wg/l EE2, 375 g/l E2, 105 mg/l NP, 675
mg/l OP and 2.25 g/l BPA, was then diluted in DMF to produce five further stocks
that were 0.5, 0.3, 0.2, 0.1 and 0.05 of the original mixture concentration. The stock
solutions were diluted by 1:15000 with de-chlorinated tap water (pre-heated to 25 °C)
prior to delivery to the experimental tanks. This flow-through exposure system is

described in more detail in an earlier publication (17).

The resulting mixture concentrations in the fish tanks were sufficient to cover the full
extent of the concentration response curve in fish maintained under normal oxygen
conditions (7 mg/l DO = 1 mg/l; 17). A solvent control tank was run alongside those
containing each of the various dilutions of the mixture. This was dosed with a stock

of pure DMF, which was delivered at the same rate as the mixture-treated tanks.
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The chemical dosing commenced one week before the start of each exposure study.
This conditioning process ensured that the chemical concentrations in the tanks were
accurate. Analytical chemistry was used to verify the water concentrations in samples
collected immediately prior to the addition of the fish and after one week of exposure.
A third and final set of samples was collected on the day that the exposure study was
terminated. The phenolic compounds (NP, OP and BPA) were measured by direct
injection onto a reverse phase HPLC column, according to the methods described by
Pojana et al. (18). The steroids (E2 and EE2) were analysed by RIA, using the

technique outlined by L&nge et al. (19).

2.2 Protocol

Two exposure studies were set up, in parallel, according to the design outlined above.
One set of tanks was maintained under hypoxic conditions (<2 mgO,/l). This was
achieved by bubbling nitrogen gas through the tanks, which displaced the oxygen in
the water. Each tank was supplied with a close fitting glass lid with a hole at either
end to allow the delivery of water and pressurised nitrogen to the tanks, via silicone
tubing. The nitrogen, which was fed by a series of nitrogen cylinders with individual
flow controls to each tank, was then diffused into the water using a 15 cm ceramic air
stone (PlanetRena, Charlotte, NC, USA). The second set of tanks was set up in an
identical manner, except that they were supplied with pressurised air, as opposed to
nitrogen. It was expected that the oxygen conditions in these tanks would be close to

100% saturation (7-8 mg/l in our system), thereby representing normoxic conditions.

One week prior to exposure, whilst the experimental tanks were being conditioned,
male fathead minnows were selected from our laboratory-reared stocks. These fish

were split into two groups before being transferred to two sets of holding tanks. In
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one set of holding tanks, the fish were equilibrated to hypoxic conditions. This was
achieved by increasing the flow of nitrogen into the tanks such that the oxygen levels
were reduced by approximately 1mg/l each day. In the other set of tanks, the flow
rate of air was increased in a similar manner. At the end of the week the fish in each

group were randomly allocated to the treated tanks (8 per tank).

During the equilibration period and the experiment itself, the fish in each treatment
group were fed twice daily: once with frozen brine shrimp and once with flaked fish
food. The photoperiod was maintained on a 16 hr light/8 hr dark cycle with 20 minute
dawn and dusk transition periods. The DO concentrations in each tank were recorded
several times daily using an Oxi 340i digital meter and CellOx® 325 probe (WTW,
Weilheim, Germany). Water temperature was also measured daily. Various other
water quality parameters (i.e. ammonia, nitrite and nitrate) were analysed at routine
intervals to ensure that there were no differences between the two sets of fish tanks,

aside from the oxygen availability.

2.3 Sampling and Analysis

At the end of the experiment, the fish were sacrificed by overdose with anaesthetic
(MS222; Sigma Aldrich). Their lengths and weights were recorded. Blood samples
were then collected from the caudal peduncle using heparinised capillary tubes. The
blood samples were centrifuged at 4000 g for 5 minutes and the plasma drawn off and
snap frozen on dry ice. The plasma samples were then stored at —20 °C until required
for the determination of VTG protein levels. This was carried out using a FHM VTG

ELISA kit, which was supplied by Biosense Laboratories AS (Bergen, Norway).

2.4 Statistical Analysis
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A series of statistical tests were performed on the physicochemical and biological data
sets. Whilst there was a clear difference between the DO levels in each of the parallel
exposures, the levels measured within each set of tanks were compared statistically to
determine their variability. This was achieved using the ANOVA procedure, followed
by Tukey’s pairwise comparisons. The chemical concentrations measured in each set
of tanks at the start of the experiment were also compared statistically to ensure that
there were no differences between the exposure levels. The measurements were first
converted into proportions by dividing by the nominal values and comparisons were
made between tanks with the same nominal exposure levels using paired t-tests. The
VTG levels were also analysed, using t-tests, to compare the mean response of fish in
each treatment group across the parallel exposures. Where necessary, these data were
log transformed prior to analysis in order to achieve normality. The statistical testing

was carried out using Minitab version 13.1 (Minitab Inc. State College, PA, USA).

3. RESULTS

3.1. Oxygen Conditions

There was a clear difference between the oxygen conditions in the parallel exposure
studies (Figure 1). The mean daily DO concentration in the normoxic tanks ranged
between 6.58 and 7.18 mg/l. Some of these values were slightly lower than the target
of 100% oxygen saturation. This can be attributed to the fact that these tanks suffered
from a slight bacterial build up towards the end of the exposure period. The bacterial
levels tended to be higher in the tanks that contained more of the mixture, which is
reflected by the trend of reducing DO with increasing level of exposure. However,

despite of this, there were no significant differences between the DO levels in this set
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of tanks and the DO concentrations were well within the range of encountered under

normoxic conditions.

In contrast, the mean daily DO levels in the hypoxic tanks during the exposure were
between 1.44 and 1.75 mg/l. These levels were less variable than those recorded in
the normoxic tanks, probably due to the lower levels of bacteria in the hypoxia tanks
(these factors may have been related). However, there was a statistically significant
difference (p<0.01) between the levels measured in the tanks containing the mixture
ata 0.05 and 1.0 dilution, which had the lowest and highest mean DO concentrations,
respectively. Nevertheless, the oxygen conditions within this set of tanks fell below
the hypoxic threshold of 2 mg/I throughout the period of exposure, thereby satisfying

the experimental criteria.

The differential growth of bacteria in each of the parallel exposures, which became
apparent at the beginning of the second week of exposure, raised concerns regarding
the chemical concentrations in each set of tanks. This was based on prior experience
indicating that bacterial blooms may be associated with increased rates of chemical
biodegradation, potentially lead to a reduction in the exposure levels in the affected
tanks (20). Hence, as a precaution, the decision was taken to terminate the experiment

early and, as a result, the duration of the exposure was reduced from 14 to 10 days.

3.2. Chemical Concentrations

The analysis of the chemical concentrations in each fish tank revealed that, in general,
there was good agreement between the nominal and actual exposure concentrations
measured at the start of the experiment (Table 1). There was also good agreement

between the concentrations measured across each of the parallel exposures. However,

10
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BPA was an exception to this rule. Whilst the actual concentrations of this chemical
were close to nominal in the hypoxic tanks, these measurements were considerably
lower in the tanks maintained under normoxic conditions and, hence, a significant
difference (p<0.05) between the levels measured in the parallel studies was detected.
However, the agreement between the nominal and actual exposure concentrations in
the normoxic tanks improved at the second and third time points (see the supporting
information, S1 and S2, respectively), suggesting that the inconsistency between the
levels measured at the start of the experiment may have been an analytical anomaly,
although the values were consistently lower than those measured in the hypoxic tanks.
This may reflect the ease with which BPA is biodegraded in the presence of bacteria,
which was more prevalent in the normoxic tanks. In contrast, the other components
of the mixture (E2, EE2, NP and OP) appeared to be unaffected by the presence of the
bacteria, with their concentrations remaining consistent throughout the experimental

period.

3.2. VTG Protein Induction

The analysis of VTG induction levels at the end of the experiment (Figure 2) revealed
that there was a clear and consistent concentration-response to the mixture in each of
the parallel exposures. The potency was similar to that reported in previous work by
the same authors (17, 20) in that a 50% VTG response was induced by the 0.2 mixture
dilution, which contained each chemical at a fifth of its individual EC50. There was
no evidence that the VTG response of fish differed between the normoxic and hypoxic
conditions, as reflected by the fact that there were no significant differences detected

between the mean VTG levels within each treatment group.

4. DISCUSSION

11
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The results of this study clearly demonstrate that the VTG response of FHM exposed
to a mixture of estrogenic chemicals is similar under hypoxic vs. normoxic conditions.
Hence, the data refute the hypothesis that the estrogenic response may be elevated at
low oxygen levels, either as a result of increased chemical uptake or due to changes in
the rate of physiological processing under varying physicochemical conditions. These
findings contrast with evidence from similar studies involving the exposure of fish to
micro-pollutants and metals. For example, recent research by Hattink et al. (8)
revealed that common carp (Cyprinus carpio) are around three times more sensitive to
the effects of cadmium under hypoxia (at 25% oxygen saturation) in relation to those
maintained under normal oxygen conditions, although it was not possible to identify
the mechanism responsible. The lack of response to hypoxia in the present study
indicates that EDCs may not behave in the same way as other toxicants under hypoxic
conditions and that the rate at which they are taken up and metabolised remains
constant, regardless of oxygen availability. However, this theory is not consistent
with in vitro data, which shows that hypoxia and estrogen treatment act together to
affect molecular-level responses, leading to significant effects on gene expression

profiles (14).

Whilst we would normally expect molecular responses, such as those reported by
Seifeddine et al. (14), to be reflected at higher levels of biological organisation, it is
possible that effects on VTG induction were not observed in vivo due to the influence
of negative feedback processes. As a result, we cannot exclude the possibility that
hypoxia was associated with effects on rates of chemical uptake and metabolism:
these alterations may have acted against one another, thereby countering any overall
effect. The potential for physiological interactions of this nature is highlighted by

recent evidence that the expression of the estrogen receptor, ERa, is three-fold lower

12
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in wild fish inhabiting hypoxic sites, compared to those at normoxic locations (16).
Presumably, differences in receptor activity have the capacity to affect the rate and
efficiency with which molecular responses are transcribed and subsequently translated
at the proteomic level, thereby altering the magnitude of the response to estrogenic
stimuli. It is therefore possible that changes in the expression of ERa could,
potentially, have masked any effects arising as a result of changes in the rate of

chemical uptake, although this hypothesis requires further investigation.

In addition, whilst there was no effect of hypoxia on the VTG response measured after
10 days of exposure, it is possible that differences may have been detected at earlier
time points (e.g. after 24 hours or 7 days). This response pattern has previously been
reported for FHM exposed to the same estrogenic mixture at different temperatures
(21). The transient nature of this response was attributed to an increase in the rate of
induction of the VTG response at higher temperatures, which was mediated via both
transcriptional and translational effects. After two weeks, however, these differences
were no longer apparent and the VTG response was identical for fish maintained at 20
and 30 °C. The same temporal pattern may have been apparent in the present study,
with fish maintained under hypoxic conditions exhibiting an elevated response to the
mixture at earlier time points due to an increased rate of chemical uptake under these
conditions. However, the potential for short-term effects on the estrogenic response
were not considered because the relevance of such transient alterations with regard to

chemical risk assessment remains unclear (21).

To conclude, the results of this study reiterate that mixtures of estrogenic chemicals,
or indeed any chemicals that act via a common mechanism, have the capacity to act

together to exert combined effects in vivo, as previously reported by Brian et al. (17,
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20), thereby highlighting the need to take account of their joint effects. However,
there was no evidence to suggest that the estrogenic response was confounded by the
effects of an additional physicochemical variable, which was, in this case, represented
by hypoxia, contrary to expectations based on previous studies. The lack of response
indicates that the VTG response is robust and relatively insensitive to the effects of
additional challenges that arise in multiple stress exposure situations. Hence, it would
appear that existing safety factors are sufficient to protect against the effects of inter-
actions with confounding factors, such as low oxygen conditions. Nevertheless, this
conclusion should be interpreted with caution, as the response may vary, depending
both on the nature of the physicochemical challenge and the characteristics of the
toxicant in question. It is also possible that the response becomes more plastic at
higher levels of biological organisation, which means that confounding factors may
have a greater impact on endpoints that relate to survival and reproduction. Hence,
despite the negative conclusion of the present study, there may be a need for greater
stringency when assessing the risk posed by chemicals in the “real world”, in which

multiple stress exposure situations are the norm.

5. ACKNOWLEDGEMENTS

This work was funded by a grant from the Natural Environment Research Council

(NE/D00389X/1).

6. SUPPORTING INFORMATION

The nominal and actual exposure concentrations in each set of tanks at time points 1
(after 7 days) and 2 (on the final day of exposure) are presented in tabular form in S1

and S2.

14



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

7. REFERENCES

(1) Diaz, R.J.; Rosenburg, R. Marine benthic hypoxia: a review of its ecological
effects and the behavioural responses of benthic macrofauna. Oceanogr. Mar. Biol.

Annu. Rev. 1995, 33, 245-303.

(2) Wu, R.S.S. Hypoxia: from molecular responses to ecosystem responses. Mar.

Poll. Bull. 2002, 45, 35-45.

(3) Scavia, D.; Donnelly, K.A. Reassessing hypoxia forecasts for the Gulf of Mexico.

Environ. Sci. Technol. 2007, 41, 8111-8117.

(4) Justi¢, D.; Rabalais, N.N.; Turner, R.E. Coupling between climate variability and
coastal eutrophication: evidence and outlook for the Gulf of Mexico. J. Sea Res. 2005,

54, 25-35.
(5) Heath, A.G. Water pollution and fish physiology; CRC Press: Cleveland, 1987.

(6) Gracey, A.Y.; Troll, J.V.; Somero, G.N. Hypoxia-induced gene expression

profiling in the euryoxic fish Gillichthys mirabilis. PNAS 2001, 98, 1993-1998.

(7) Alabaster, J.S.; Shurben, D.G.; Mallet, M.J. The acute lethal toxicity of mixtures
of of cyanide and ammonia to smolts of salmon, Salmo salar L. at low concentrations

of dissolved oxygen. J. Fish Biol. 1983 22, 215-222.

(8) Hattink, J.; De Boeck, G.; Blust R. The toxicokinetics of cadmium in carp under

normoxic and hypoxic conditions. Aquat. Toxicol. 2005, 75, 1-15.

(9) Lloyd, R. Effects of dissolved oxygen concentration on the toxicity of several
poisons to Rainbow trout (Salmo gardineri Richardson) J. Exp. Biol. 1961, 38, 447-

455.

15



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

(10) Magaud, H.; Migeon, B.; Morfin, P.; Garric, J.; Vindimian, E. Modelling fish
mortality due to urban storm run off: interacting effects of hypoxia and un-ionised

ammonia. Water Research 1997, 31, 211-218.
(11) Sorensen, E.M. Metal poisoning in fish; CRC Press Inc.: Boca Raton, 1991.

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

Technol. 2003, 37, 1137-1141.

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

Environ. Sci. Technol. 2006, 40, 3118-3122.

(14) Seifeddine, R.; Dreiem, A.; Tomkiewicz, C.; Fulchignoni-Lataud, M.; Brito, I.;
Danan, J.; Favaudon, V.; Barounki, R.; Massaad-Massade, L. Hypoxia and estrogen
co-operate to regulate gene expression in T-47D human breast cancer cells. J. Steroid

Biochem. Mol. Biol. 2007, 104, 169-179.

(15) Sumpter, J.P.; Jobling, S. Vitellogenesis as a biomarker of oestrogenic
contamination of the aquatic environment. Environ. Health. Persp. 1995, 103,

Supplement 7, 173-17.

(16) Thomas, P.; Saydur Rahman, M.; Khan, I.A.; Kummer, J.A. Widespread
endocrine disruption and reproductive impairment in an estuarine fish population

exposed to seasonal hypoxia. Proc. R Soc. B 2007, 247, 2693-2701.

(17) Brian, J.V.; Harris, C.A.; Scholze, M.; Backhaus, T.; Booy, P.; Lamoree, M.;
Pojana, G.; Jonkers, N.; Runnalls, T.; Bonfa, A.; Marcomini, A.; Sumpter, JP.
Accurate prediction of the response of freshwater fish to a mixture of estrogenic

chemicals. Environ. Health Perspect. 2005, 113, 721-728.

16



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

(18) Pojana, G.; Bonfa, A.; Busetti, F.; Collarin, A.; Marcomini, A. Determination of
natural and synthetic estrogenic compounds in coastal lagoon waters by HPLC-

electrospray-mass spectrometry. Intern. J. Environ. Anal. Chem. 2004, 84, 717-727.

(19) Lange, R.; Hutchinson, T. H.; Croudace, C. P.; Siegmund, F.; Schweinfurth, H.;
Hampe, P.; Panter, G. H.; Sumpter, J. P. Effects of the synthetic estrogen 17 alpha-
ethinylestradiol on the life-cycle of the fathead minnow (Pimephales promelas).

Environ. Toxicol. Chem. 2001, 20, 1216-1227.

(20) Brian, J.V.; Harris, C.A.; Scholze, M.; Kortenkamp, A.; Booy. P.; Lamoree, M.;
Pojana, G.; Jonkers, N.; Bonfa, A.; Marcomini, A.; Sumpter, J.P. Evidence of
estrogenic mixture effects on the reproductive performance of fish. Environ. Sci.

Technol. 2007, 41, 337-344.

(21) Brian, J.V.; Harris, C.A.; Runnalls, T.J.; Fantinati, A.; Pojana, G.; Marcomini,
A.; Booy, P.; Lamoree, M.; Kortenkamp, A.; Sumpter, J.P. Evidence of temperature-
dependent effects on the estrogenic response of fish: Implications with regard to

climate change. Sci. Total Environ. 2008, 397, 72-81.

17



391

392

393

394

395

396

397

398

399

400

401

402

403

Table 1: Nominal and actual chemical concentrations in each tank at the beginning of the parallel exposure studies. The water samples were

collected immediately prior to the addition of the fish.

Treatment

Tank 1: Control

Tank 2: 0.05 dilution

Tank 3: 0.1 dilution

Tank 4: 0.2 dilution

Tank 5: 0.3 dilution

Tank 6: 0.5 dilution

Tank 7: 1:0 dilution

Nominal

EE2

ng/l

0.05
0.09
0.18
0.27
0.45

0.9

E2

ng/l

1.25

2.5

7.5
12.5

25

NP

ug/l

0.35
0.7
1.4
2.7

3.7

OP

ug/l

2.25

4.5

13.5
225

45

BPA

g/l

7.5
15
30
45
75

150

Hypoxic

EE2
ng/l
0.0
0.07
0.14
0.24
0.39
0.63

1.68

18

E2
ng/l
0.3
1.19
2.39
3.94
6.36
9.34

19.2

NP

ug/l
0.3

0.46
0.65
1.12
1.59
3.36

5.15

OP

ug/l
0.0

5.22
2.38
14.2
13.6
329

57.6

BPA
ugll
0.0
05
16.6
36.1
52.3
87.7

169

Normoxic

EE2
ng/l
0.0
0.06
0.13
0.24
0.38
0.69

1.26

E2
ng/l
0.1
0.93
1.82
4.17
6.86
10.3

21.5

NP

g/l
0.3

0.50
0.69
1.51
1.86
3.38

6.12

OP

g/l
0.0

1.34
2.55
8.80
15.0
27.8

59.4

BPA
ugll
0.2
1.0
9.8
0.0
0.3
0.0
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LEGENDS

Figure 1: Mean of the daily dissolved oxygen (DO) concentrations in each tank

throughout each of the parallel exposure studies. Daily DO concentrations were taken
to be the average value recorded based on 6-10 measurements that were made on each
day. Error bars represent one standard error of the mean. The letters (a and b) denote
that there was a significant difference between the mean DO level in tanks containing
the 0.05 and 1.0 mixture dilution under hypoxia. No differences were detected within

the remaining tanks maintained under each set of oxygen conditions.

Figure 2: Mean of the plasma VTG concentrations in each tank following each of the
parallel exposure studies. Error bars represent one standard error of the mean, which

was calculated on the basis of measurements made from eight fish in each tank.
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421  Brief:

422  The response of fish to a mixture of estrogenic chemicals is not affected by

423  concomitant exposure to hypoxia.
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