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Abstract

HR96 is a CAR/PXR/VDR ortholog in invertebrates, and a promiscuous endo- and xenobiotic 

nuclear receptor involved in acclimation to toxicants. Daphnia HR96 is activated by chemicals 

such as atrazine and linoleic acid (LA) (n-6 fatty acid), and inhibited by triclosan and 

docosahexaenoic acid (DHA)(n-3 fatty acid). We hypothesized that inhibitors of HR96 may block 

the protective responses of HR96 based on previously performed luciferase assays. Therefore, we 

performed acute toxicity tests with two-chemical mixtures containing a HR96 inhibitor (DHA or 

triclosan) and a HR96 activator (LA or atrazine). Surprisingly, results demonstrate that triclosan 

and DHA are less toxic when co-treated with 20–80 μM atrazine. Atrazine provides concentration-

dependent protection as lower concentrations have no effect and higher concentrations cause 

toxicity. LA, a weaker HR96 activator, did not provide protection from triclosan or DHA. 

Atrazine’s protective effects are presumably due to its ability to activate HR96 or other 

toxicologically relevant transcription factors and induce protective enzymes. Atrazine did not 

significantly induce glucosyltransferase, a crucial enzyme in triclosan detoxification. However, 

atrazine did increase antioxidant activities, crucial pathways in triclosan’s toxicity, as measured 

through GST activity and the TROLOX equivalence assay. The increase in antioxidant capacity is 

consistent with atrazine providing protection from a wide range of toxicants that induce ROS, 

including triclosan and unsaturated fatty acids predisposed to lipid peroxidation.
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1. Introduction

NRs are transcription factors that are often activated by a diverse set of ligands, including 

steroid hormones, bile acids, fatty acids, and toxicants (Hernandez et al., 2009). In turn, they 
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transcriptionally regulate the expression of specific proteins. NRs such as the PXR and CAR 

are involved in the regulation of phase I to III metabolic enzymes responsible for the 

clearance of xenobiotics and steroids (Ueda et al., 2002; Rosenfeld et al., 2003). Recent 

research also demonstrates the involvement of both these receptors in energy metabolism 

and immune response pathways (Hernandez et al., 2009).

Daphnia are widely used for toxicology testing, and the sequencing of the Daphnia pulex 

genome has assisted in our understanding of how the environment and genomes interact to 

help organisms acclimate and adapt (Colbourne et al., 2011; De Coninck et al., 2014). Both 

Daphnia magna and D. pulex have 26 nuclear receptors, including a HR96 (Litoff et al., 

2014). HR96 is an ortholog of CAR, PXR and VDR (Litoff et al., 2014), and controls the 

expression of metabolic and toxicant stress response genes in invertebrates, including CYPs, 

carboxylesterases, GSTs, and glucosyltransferases (King-Jones et al., 2006). HR96 also 

plays an important role in TAG homeostasis in Drosophila melanogaster, through its 

regulation of CG5932 gastric lipase (Magro). Magro is also required in the intestine of 

Drosophila to maintain cholesterol homeostasis by increasing its clearance (Sieber and 

Thummel, 2012). D. pulex HR96 is a promiscuous nuclear receptor that is activated by 

several toxicants such as atrazine, chlorpyrifos and pyriproxyfen, and is also activated by 

several n-6 and n-9 (omega-6 and 9) unsaturated fatty acids (Karimullina et al., 2012). In 

addition, HR96 is inhibited by some chemicals including triclosan, phenobarbital and 

fluoxetine, and the n-3 (omega-3) unsaturated fatty acids, DHA and EPA (Karimullina et al., 

2012).

The n-3 fatty acid, DHA is an efficacious HR96 inverse agonist in Daphnia (Karimullina et 

al., 2012) and a CAR inverse agonist in rats (Li et al., 2007), as it represses constitutive 

HR96 and CAR action. LA is a weak to moderate activator of HR96 in Daphnia 

(Karimullina et al., 2012) and CAR in mice (Finn et al., 2009). Triclosan is a widely used 

antimicrobial agent found in consumer products, including soap, deodorant, toothpaste, 

mouthwash and shampoo (Daughton and Ternes, 1999). It has been detected both in 

wastewater (McAvoy et al., 2002) and surface water (Kolpin et al., 2002). Atrazine is a 

triazine herbicide that can affect endocrine signaling pathway in vertebrates (Cooper et al., 

2000). It has been reported to cause demasculinization of male frogs (Xenopus laevis) 

(Hayes et al., 2002) and structural disruption in testis of male goldfish (Carassius auratus) 

(Spanò et al., 2004). Atrazine affects endocrine signaling by increasing dopamine and 

reducing norepinephrine concentrations in the hypothalamus, and in turn reducing 

luteinizing hormone and prolactin levels. This leads to increased conversion of testosterone 

into 17β-estradiol (Stoker et al., 1999; Cooper et al., 2000).

Activation of CAR and PXR induces a number of detoxification enzymes (Hernandez et al., 

2009). This positive regulation can be protective (Mota et al., 2010); however, CAR and 

PXR are both associated with drug-drug interactions because of the induction of key 

enzymes. For example, CAR activation increases acetaminophen toxicity (Zhang et al., 

2002). PXR activation is associated with increased clearance of warfarin (Mu et al., 2006) 

ethinyl estradiol, (Hall et al., 2003), and immunosuppresants (Hauser et al., 2012) leading to 

clotting, unintended pregnancies, and rejection of organ transplants. Because HR96 is also 

promiscuous (Karimullina et al., 2012). and involved in the regulation of similar pathways 
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and enzymes (King-Jones et al., 2006), we predicted that chemicals that alter HR96 activity 

may cause similar drug-drug or toxicant-toxicant interactions.

Previously performed transactivation assays demonstrated that triclosan and DHA repress 

the activation of HR96 in a dose-dependent manner (Karimullina et al., 2012), and in turn, 

several HR96 activators such as atrazine, LA, pyriproxyfen and estradiol either did not 

increase luciferase activity in their presence or their activity was significantly repressed. 

Because of the widespread use of atrazine and triclosan and their pervasive presence in 

water bodies (Gilliom et al., 2006; Halden, 2014), they were used in this study to examine 

the potential opposing effects of HR96 modulators on the toxicant sensing and acclimation 

process in Daphnia. DHA and LA were examined as HR96 also responds to dietary 

unsaturated fatty acids (Karimullina et al., 2012). Therefore we tested the role these fatty 

acid exposures may have on toxicant responses; mitigating or enhancing toxicity in D. 

magna. We hypothesized that HR96 inhibitors will block the protective responses of HR96 

activators and in turn increase toxicity.

2. Materials and Methods

2.1. Daphnia culture

D. magna were cultured in moderately hard water with a 16:8 light: dark cycle and a 

temperature between 21–23°C. The daphnids were fed the unicellular green algae, 

Pseudokirchneriella subcapitata (purchased from Aquatic Biosystems, Fort Collins, CO and 

cultured in the laboratory), and supplemented with TetraFin (Masterpet Corp., New South 

Wales, Australia) (Ginjupalli and Baldwin, 2013).

2.2. RNA extraction and qPCR

Four different age groups (2, 4, 7 and 14-day old) of D. magna were euthanized, RNA 

extraction was performed using an RNAeasy mini kit (Qiagen, Germantown, MD), and 

RNA quantified with a spectrophotometer at 260/280 nm. cDNA was synthesized from the 

RNA samples (2 μg RNA) with MMLV reverse transcriptase. qPCR was performed 

according to MIQE standards (Bustin et al., 2009) to determine the expression of HR96 in 

the daphnids with forward primer 5′-TCT-GCG-ACA-AGG-CTT-TAG-GTT-3′ and reverse 

primer 5′-AGG-GCA-TTC-CGT-CTA-AAG-AAG-GCT-3′ at an annealing temperature of 

58° C. β-actin was used as the housekeeping gene with forward primer 5′-CCA-CAC-TGT-

CCC-CAT-TTA-TGA-AG-3′and reverse primer 5′-CGC-GAC-CAG-CCA-AAT-CC-3′ at 

an annealing temperature of 52.2° C as described previously (Heckmann et al., 2006). 

Efficiencies of the reactions were determined based on standard curves from 1:1, 1:5, 1:25, 

1:125, 1:625 and 1:3125 dilutions of cDNA mixtures taken from all samples. The efficiency 

of the HR96 qPCR reaction varied between 85 – 92%, and the efficiency of the β-actin 

qPCR varied between 88 – 102%. Samples were diluted 1:3 and quantified with 0.25X 

SYBR Green (Qiagen, Germantown, MD USA) using the iCycler from Bio-Rad 

Laboratories (Hercules, CA USA) (Mota et al., 2010). The results were normalized to the 

expression of β-actin. Gene expression was quantified by taking the efficiency curve of the 

reaction to the power of the threshold cycle (Ct) over the β-actin.
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2.3. Acute toxicity assays

Forty-eight hour acute toxicity tests were conducted with LA (≥99 %), oleic acid (≥99%), α-

linolenic acid (ALA) (≥99%), cholesterol (≥99%), DHA (≥98 %), triclosan (97%), and 

atrazine (98.9%) (Sigma-Aldrich, St. Louis, MO USA). Stock solutions of these chemicals 

were made in absolute ethanol (Sigma-Aldrich Chemical Co., Inc, Milwaukee, WI USA), 

except atrazine, which was dissolved in 99.7% dimethyl sulfoxide (Fisher Scientific, Fair 

Lawn, NJ USA). Toxicity was determined with individual chemicals and with two-chemical 

mixtures, with solutions made in moderately hard water. A variety of concentration ranges 

of individual chemicals were chosen to perform the first set of acute toxicity assays, in order 

to determine EC50 values using established protocols (USEPA, 2002) with four < 24-hour 

old daphnids in each 50 ml beaker and five beakers per treatment group. The EC50 values 

and 95% confidence interval were determined from the sigmoidal dose response curves, 

which were generated using GraphPad Prizm 4.0. In addition, the toxicity of chemical 

mixtures was determined with one HR96 activator and one HR96 inhibitor provided at 

different concentrations to the daphnids. LA (2, 5 and 10 μM) and atrazine (5, 10, 20, 40 and 

80 μM) were used as HR96 activators and DHA (2, 5 and 8 μM) and triclosan (0.75, 1, 1.3 

and 1.5 μM) were used as HR96 inhibitors in the mixture assays. In these assays four < 24-

hour old daphnids were used in each 50 ml beaker with ten beakers per treatment group.

2.4. Predictive mixture modeling

The interactive hazard calculator, Computational Approach to Toxicity Assessment of 

Mixtures(CATAM) (http://www.ncsu.edu/project/toxresearch/model5/) (Rider and LeBlanc, 

2005) was used to predict toxicity associated with the chemical mixtures using the 

independent join action model with experimentally determined EC50 values (Olmstead and 

LeBlanc, 2005). The independent joint action model was used because the mechanism of 

action of the individual chemicals in the mixtures is not known and toxicity caused by each 

chemical probably does not occur through the same mechanism. HR96 inhibitors were 

assigned to cassette 1 of the model and HR96 activators were assigned to cassette 2 of the 

model. Toxicity of the chemical mixtures as measured during toxicity tests were compared 

to toxicity curves determined by the CATAM model.

2.5. [14C]Testosterone glucosyltransferase assay

Less than 48-hour old neonates (n = 5 beakers per treatment group; each beaker with ten 

daphnids) were pre-exposed to different concentrations of atrazine (0, 10, 20, 40 μM) for 16 

hours. Daphnids were exposed to the [14C]testosterone (2 mCi/mmol, 150,000 dpm/assay) 

for six hours. Ethyl acetate was used to extract testosterone and its lipophilic metabolites 

from the aqueous solution. Water fractions were collected from each tube, redissolved in 0.1 

M NaAcetate, and conjugated testosterone was hydrolyzed with ten units of β-glucosidase 

for 2 h. Freed testosterone was extracted with ethyl acetate and the formerly glucosylated 

products were measured via liquid scintillation spectrophotometry and quantified according 

to previously published protocols (Baldwin et al., 1997).
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2.6. Anti-oxidant and reactive oxygen species assays

Less than 48-hour old neonates (n = 4 beakers with 20 daphnids each) were exposed to 

individual chemicals or mixtures of chemicals (40 μM atrazine, 0.75 μM triclosan, 8 μM 

DHA, 40 μM atrazine + 0.75 μM triclosan and 40 μM atrazine + 8 μM DHA) for 16 hours. 

Daphnids were homogenized, and the supernatant collected and stored at −80°C for 

biochemical assays. Lipid peroxidation caused by ROS induced by chemical exposure was 

determined by measuring Thiobarbituric Acid Reactive Substances (TBARS) (Cayman 

Chemical Co., Ann Arbor, MI). Protein (10 μl) was incubated with thiobarbituric acid for 1 

hour at 100°C. The reaction was stopped on ice for 10 minutes followed by centrifugation, 

and a 30 min incubation at room temperature before samples were read at fluorometrically at 

an excitation wavelength of 530 nm and an emission wavelength of 550 nm (Armstrong and 

Browne, 1994). Concentrations of malondialdehyde (μM) in the samples determined based 

on a prepared standardard curve. Glutathione S-transferase (GST) activity was determined 

by incubating 5 μl of protein with glutathione and 1-chloro 2, 4-dinitrobenzene (CDNB) for 

10 min at room temperature. The formation of a dinitrobenzene-glutathione conjugate was 

measured at 340 nm (Baldwin and LeBlanc, 1996). The Trolox assay (Cayman Chemical 

Co., Ann Arbor, MI), which measures a number of anti-oxidant mechanisms was performed 

to measure the overall ability of D. magna to respond to ROS following exposure to 

individual chemicals or a two-chemical mixture. The anti-oxidant assay is based on the 

ability of the samples to inhibit metmyoglobin oxidation of 2,2′-azino-d-[3-

ethylbenzthiazoline sulphonate] (ABTS) to ABTS+ (Miller and Rice-Evans, 1997). Briefly, 

10 μl of protein sample was added to 10 μl of metmyoglobin, and 150 μl of chromagen. 

Incubations were initiated with 40 μl of hydrogen peroxide and ABTS+ was measured after 

a 5 min incubation at room temperature at 750 nm. The antioxidant capacity of the samples 

was compared to that of a Trolox (a tocopherol analog) standard and the results were 

quantified in Trolox equivalents (mM). All samples for each assay were performed in 

duplicate.

3. Results

3.1 HR96 expression

The expression of HR96, a promiscuous nuclear receptor (Karimullina et al., 2012), was 

examined by qPCR in < 2 to 14 day-old daphnids. qPCR demonstrates that HR96 is 

expressed throughout a daphnid’s lifespan at nearly equal levels at all of the ages tested; < 2, 

4, 7, and 14-days old (Suppl File 1). Therefore, neonatal daphnids have the necessary HR96 

to transcriptionally respond to specific toxicant stressors and neonates can be used in 

subsequent acute toxicity tests to determine if compounds that interact with HR96 can 

modify toxicity.

3.2 Single chemical toxicity tests

Forty-eight hour acute toxicity tests were performed to determine concentration ranges for 

subsequent mixture toxicity tests. All of the unsaturated fatty acids and cholesterol had acute 

toxicities ranging from 2.90 – 14.4 μM. Cholesterol was the most toxic (LC50 = 2.90 μM), 

followed by DHA (LC50 = 5.55 μM), LA (LC50 = 10 μM), oleic acid (LC50 = 10.2 μM) 

and α-linolenic acid (LC50 = 14.4 μM). Of the environmental toxicants, triclosan was the 
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most toxic chemical tested (LC50 = 0.835 μM) and atrazine was the least toxic chemical 

tested (LC50 = 78 μM) (Fig. 1).

3.3 Mixtures with LA mimic independent joint action

We hypothesized that HR96 inhibitors may block HR96 activation and this would increase 

toxicity compared to model estimations. Therefore, daphnids were exposed to the HR96 

inhibitors, triclosan or DHA concomitantly with LA (2–10 μM), a HR96 activator. The 

toxicity of the mixtures increased in a concentration-dependent manner for each of the 

chemicals tested (Fig. 2). Chemical toxicity was also compared to the CATAM model used 

to predict toxicity based on independent joint action (Rider and LeBlanc, 2005). Some of the 

lower concentrations or single chemical assays showed less toxicity than expected. 

However, in general, the toxicity estimated from the CATAM independent joint action 

model was within the 95% Confidence Intervals determined from the acute toxicity tests 

(Fig. 2). Originally, we hypothesized that exposure to DHA and triclosan will increase the 

toxicity of LA in a synergistic fashion. Therefore, our hypothesis is null as the HR96 

inhibitors did not repress toxicant acclimation in vivo and cause enhanced toxicity of LA.

3.4 Atrazine provides protection from HR96 inhibitors

Daphnids were also exposed to the HR96 inhibitors, triclosan or DHA concomitantly with 

atrazine, a HR96 activator. At low concentrations of atrazine, the CATAM model accurately 

predicts toxicity in daphnids during co-exposures to either triclosan (Fig. 3ABC) or DHA 

(Fig. 3DEF). However at atrazine concentrations ranging from 20 to 80 μM with 40 μM 

showing the greatest protection, the toxicity of triclosan and DHA decreased. This is neither 

consistent with typical concentration-dependent toxicity nor consistent with the CATAM 

model. Instead, a concentration-dependent protective effect was observed (Fig. 3). This data 

is not consistent with our hypothesis that HR96 inhibitors would block the ability to adapt to 

toxicant stress. Conversely, significant concentrations of the HR96 activator, atrazine, are 

able to induce a protective effect.

3.5 Atrazine induces anti-oxidant protection

Because atrazine is a HR96 activator and HR96 regulates the expression of a suite of drug 

metabolism enzymes (King-Jones et al., 2006) much like CAR and PXR (Hernandez et al., 

2009), we hypothesized that HR96 induced crucial phase II enzymes necessary for the 

detoxification of triclosan such as glucosyltransferases (Wu et al., 2010). A 

[14C]testosterone glucosyltransferases assay was performed to test whether atrazine could 

have induced this crucial triclosan detoxification pathway. However, we did not observe an 

increase in glucosyltransferase activity (Fig. 4).

Triclosan toxicity is often associated with the formation of reactive oxygen species (Binelli 

et al., 2009; Riva et al., 2012). Therefore, we also examined the potential for increased 

antioxidant defense or decreased ROS after atrazine exposure with three different assays 

(Fig. 5). TBARS is a measure for monitoring lipid peroxidation (Armstrong and Browne, 

1994). TBARS/daphnid was increased in the atrazine + DHA group relative to the untreated 

(control), triclosan, and triclosan plus atrazine groups (Fig. 5A). Atrazine (40 μM) co-

exposed with DHA, which is thought to be protective, increased TBARs, indicating that 
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DHA at 8 μM increases lipid peroxidation in the presence of atrazine. Interestingly, 

chemical treatments with triclosan did not produce significant increases in lipid peroxidation 

when compared to the DHA + atrazine co-treatments and lipid peroxidation was at UT 

levels in the presence of 40 μM atrazine + 0.75 μM triclosan.

Atrazine did increase GST activity in D. magna with the other treatment groups showing 

significantly lower CDNB activity (Fig. 5B). In addition, the TROLOX antioxidant assay kit 

that measures the cooperativity of several different antioxidant systems, including 

glutathione peroxidase, superoxide dismutase, catalase, α-tocopherol, ascorbic acid, and 

glutathione and converts them to TROLOX equivalents demonstrates that atrazine can 

induce the overall antioxidant defense system of the daphnid (Fig. 5C). None of the other 

treatment groups increased TROLOX equivalents. These results are consistent with atrazine 

providing protection from a wide range of toxicants that induce ROS, including triclosan 

and unsaturated fatty acids predisposed to lipid peroxidation, through increased antioxidant 

defenses (Fig. 5BC).

4. Discussion

We hypothesized that HR96 inverse agonists such as triclosan or DHA would block HR96-

mediated transcription by atrazine or LA and increase toxicity by blocking detoxification 

responses. Neither triclosan nor DHA showed any increased mixture toxicity relative to the 

CATAM model. This indicates that neither triclosan nor DHA significantly perturbs 

detoxification responses, or the responses blocked by these chemicals are not involved in the 

detoxification of atrazine or LA. Instead our data demonstrates that the HR96 activator 

atrazine provides concentration-dependent protection from other chemicals such as the 

HR96 inhibitors DHA and triclosan (Fig. 3). Atrazine’s protection is consistent with CAR- 

or PXR-like induction of detoxification enzymes and transporters that mediate protection 

from drugs and environmental toxicants (Wei et al., 2000; Mota et al., 2010).

Triclosan contains a hydroxyl group at the 2′ position. Therefore, in mammals, 

glucuronidation is the most common pathway for triclosan detoxification (Wu et al., 2010). 

We hypothesized that atrazine was decreasing triclosan toxicity trough induction of 

glucosidation. However, we did not observe increased testosterone glucosidation (Fig. 4), 

indicating that increased glucosidation was not responsible for atrazine’s concentration-

dependent protection. We attempted to measure triclosan glucosidation directly through 

HPLC (Wu et al., 2010), but were unsuccessful in the neonatal daphnids. Next, we 

considered that triclosan and DHA may be increasing the production of reactive oxygen 

species (ROS). Triclosan’s mode of action is primarily through increasing ROS and causing 

DNA damage (Binelli et al., 2009). Atrazine did induce GST activity and overall anti-

oxidant defenses as shown by the TROLOX and CDNB assays (Fig. 5). Taken together, our 

data suggests that atrazine acts to protect daphnids from DHA and triclosan, two chemicals 

that can induce ROS, by inducing anti-oxidant defenses.

Anti-oxidant defenses are regulated by a number of transcription factors such as CAR, PXR, 

HR96, NF-kB, and Nrf2 (King-Jones et al., 2006; Hernandez et al., 2009; Zhao et al., 2010). 

Several GST members are regulated by CAR and PXR in vertebrates, and HR96 induces 
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GSTs and carboxylesterases in D. melanogaster in response to xenobiotic stress, including 

phenobarbital (King-Jones et al., 2006). The transcription factors involved in the regulation 

of GSTs in D. magna have not been investigated. However phenobarbital has been shown to 

increase GST activity and protein levels in D. magna in previous studies (Baldwin and 

LeBlanc, 1996), indicating a potential role of HR96.

The role of HR96 in the regulation of xenobiotic metabolism has been demonstrated in 

fruitfly (D. melanogaster) (King-Jones et al., 2006) and in part in D. pulex (Karimullina et 

al., 2012). D. magna’s HR96 is 96% identical to D. pulex in the LBD and 98% in the DBD 

suggesting that D. magna’s responses are similar to those of D. pulex (Litoff et al., 2014). 

However, we do not have HR96-null Daphnia and the long-term utilization of siRNAs with 

free swimming D. magna has not been examined thoroughly (Kato et al., 2011; Hiruta et al., 

2013). Therefore, we do not have proof that the daphnids are responding to atrazine through 

HR96 in vivo. The transcription factor Nrf2 is also known to exert protective roles against 

injuries from oxidative stress (Chen and Kong, 2005; Zhao et al., 2010) as its regulates the 

expression of several antioxidant and cytoprotective genes (Itoh et al., 1999; Ishii et al., 

2000). Nrf2 has been shown to regulate the expression of NQO and GST in mice (Itoh et al., 

1997; McMahon et al., 2001) and humans (Venugopal and Jaiswal, 1996). A Nrf2 ortholog 

has been found within the D. melanogaster genome (CG43286; cnc), and recent research 

indicates that it is crucial in response to ROS (Pickering et al., 2013). A BLAST search of 

the D. pulex genome indicates the presence of a Nrf2 ortholog (jgi|Dappu1|312770|

NCBI_GNO_0700043). Therefore, atrazine could be inducing its protective mechanisms 

through Nrf2 or in conjunction with HR96 as data indicates that both transcription factors 

regulate antioxidant defenses.

Our results demonstrated that at higher concentrations of atrazine, toxicity due to HR96 

inhibitors decreased. This concentration-dependent protection failed to fit the CATAM 

model. This protective effect was consistent at concentrations of approximately 20 – 80 μM, 

indicating that atrazine must reach levels that are high enough to activate a specific 

biochemical process. These concentrations of atrazine are not environmentally relevant; 

however, the purpose of our research was to investigate D. magna responses to antagonistic 

mixtures of chemicals; in this case HR96 modulators (Karimullina et al., 2012). Atrazine 

may prove to be a key positive control for activation of HR96 similar to high doses of 

phenobarbital, TCPOBOP, or dexamethasone that are often used reference compounds or 

positive controls for activation of CAR or PXR (Kawamoto et al., 1999; Pascussi et al., 

2000; Tzameli et al., 2000). The expression of HR96, a NR orthologous to CAR, PXR, and 

VDR may explain D. magna’s ability to respond to toxicants in a similar manner to 

mammals (King-Jones et al., 2006; Hernandez et al., 2009).

A mixture of chemicals that act additively or synergistically may reach the necessary 

concentrations to induce similar measured stress response pathways. For example, 

propazine, simazine and other triazine herbicides may act alone or additively with atrazine 

and other dietary and anthropogenic chemicals to activate HR96 (Baldwin and Roling, 2009) 

The subsequent transcriptional responses may lead to perturbed regulation of detoxification 

enzymes or other processes. In turn, unintended consequences may occur, not just mixture 
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effects such as response addition, but also antagonistic effects as observed here, or 

potentially synergistic or potentiation as well.

In summary, HR96 inhibitors did not block the ability of atrazine, an HR96 activator, to help 

daphnids respond to toxicant or fatty acid stress. Instead, atrazine appears to have activated 

detoxification responses, probably through HR96 but also potentially through other 

transcription factors, which induced a concentration-dependent protective response. This 

work demonstrates that atrazine and other chemicals may have unique mixture effects on 

aquatic invertebrates such as daphnids if their concentrations or responses are strong enough 

leading to drug-toxicant and toxicant-toxicant interactions (Delgoda and Westlake, 2004; 

Hernandez et al., 2009).
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Abbreviations

NR Nuclear Receptor

PXR Pregnane-X-Receptor

CAR Constitutive Androstane Receptor

TAG triacylglycerol

GST glutathione S-transferase

EPA eicosapentaenoic acid

DHA docosahexaenoic acid

LA linoleic acid

qPCR quantitative real-time Polymerase Chain Reaction

CATAM Computational Approach to the Toxicity Assessment of Mixtures

TBARS thiobarbituric acid reactive substances

ROS reactive oxygen species

ABTS 2,2′-Azin0-di-[3-ethylbenthiazoline sulphonate]

TROLOX 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

UT untreated

CDNB 1,2 chloro-dinitrobenzene

HPLC high performance liquid chromatography

Nrf2 NF-E2-related factor 2
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DBD DNA binding domain

LBD ligand binding domain

NQO NAD(P)H: quinone oxidoreductase
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Highlights

Surprisingly, atrazine provides protection from the toxicity of triclosan and DHA

Atrazine’s protective effects are concentration-dependent

Atrazine’s protection may be elicited through HR96

Atrazine induces antioxidant activity at the concentrations tested
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Fig. 1. Acute toxicity and dose-response curves of select xenobiotic and fatty acid HR96 
modulators to D. magna
Acute toxicity assays were performed with < 24 hour old daphnids with several endobiotic 

and xenobiotic chemicals. Dose-response curves were determined using GraphPad Prizm 4.0 

and data are provided as mean ± 95% confidence intervals (n = 5 per treatment).
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Fig. 2. The toxicity of Linoleic acid (LA) is accurately predicted in a two-chemical mixture 
containing an HR96 inhibitor (triclosan or DHA)
Acute toxicity tests were performed with low (A), medium (B) and high (C) concentrations 

of triclosan coupled with multiple concentrations of LA, or low (D), medium (E), and high 

(F) concentrations of DHA coupled with multiple concentrations of LA. Data are provided 

as mean ± 95% confidence intervals (n = 10). Statistical significance was determined by 

ANOVA followed by Tukey’s multiple comparison test (*p < 0.05, **p < 0.01) Letter ‘b’ 

represents a statistical difference in comparison to 2 μM LA, whereas the other statistically 

significant data is in comparison to the control group. The independent joint action model 

from CATAM was used to predict daphnid survival under mixture conditions with the 

average 95% confidence intervals from the toxicity tests used to predict variance in the 

model. The independent joint action model prediction is shown as a line in each of the 

graphs.
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Fig. 3. The HR96 activator, atrazine induces a concentration-dependent interaction that protects 
daphnids from toxicity induced by triclosan or DHA
Acute toxicity tests were performed with low (A), medium (B) and high (C) concentrations 

of triclosan coupled with multiple concentrations of atrazine, or low (D), medium (E), and 

high (F) concentrations of DHA coupled with multiple concentrations of atrazine. Data are 

provided as mean ± 95% confidence intervals (n = 10 per treatment). Statistical significance 

was determined by ANOVA followed by Tukey’s multiple comparison test (*p < 0.05, **p 

< 0.01, ***p < 0.001.) Statistically significant data is in comparison to the control group. 

The independent joint action model from CATAM was used to predict daphnid survival 

under mixture conditions with the average 95% confidence intervals from the toxicity tests 

used to predict variance in the model. The independent joint action model prediction is 

shown as a line in each graph.
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Fig. 4. Testosterone glucosylation activity in atrazine exposed daphnids
Data are provided as mean ± SEM (n = 5). Statistical significance was determined by 

ANOVA followed by Tukey’s multiple comparison test with p < 0.05 considered 

significant.
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Fig. 5. Measurement of GST activity, antioxidant capacity and ROS (TBARS) induced by 
chemicals and chemical mixtures
Alteration of ROS and protective enzymes by HR96 modulators were determined using the 

following measurements (A) TBARS assay for lipid peroxidation (B) GST activity 

determined by CDNB and (C) TROLOX assay for antioxidant mechanism. Data are 

provided as mean ± SEM (n = 4). Statistical significance was determined by ANOVA 

followed by Tukey’s multiple comparison test with an ‘a’ refering to groups that are 

different from UT, ‘b’ refering to groups that are different from DHA+Atrazine, and ‘c’ 
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referring to groups different from atrazine treatments. Asterisks indicate the level of 

statistical significance (*p < 0.05, **p < 0.01).

Sengupta et al. Page 20

Chemosphere. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


