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Abstract 

Although marine and coastal environments which are contaminated with xenobiotic 

organic compounds often become hypoxic during the summer, the interactive effects of 

hypoxia and xenobiotic exposure on marine species such as teleost fishes remain poorly 

understood. The expression and activity of monooxygenase enzyme cytochrome P450-1A 

(CYP1A) in fishes are upregulated by exposure to polychlorinated biphenyls (PCBs), 

whereas they are down-regulated during hypoxia exposure. We investigated the 

interactive effects of hypoxia and PCB co-exposure on hepatic CYP1A expression in 

Atlantic croaker and on potential regulators of CYP1A. Croaker were exposed to hypoxia 

(1.7 mg/L dissolved oxygen), 3,3',4,4'-tetrachlorobiphenyl (PCB 77, dose: 2 µg/g and 8 

µg/g body weight), and Aroclor 1254 (a common PCB mixture, dose: 0.5 µg/g  and 1 

µg/g body weight), alone and in combination for 4 weeks. PCB 77 exposure markedly 

increased hepatic CYP1A mRNA and protein expression, and ethoxyresorufin-O-

deethylase (EROD, an indicator of CYP1A enzyme) activity and increased endothelial 

nitric oxide synthase (eNOS) protein expression. PCB 77 treatment also increased 

interleukin-1β (IL-1β, a cytokine) mRNA levels and protein carbonyl (PC, an indicator of 

reactive oxygen species, ROS) contents. These marked PCB 77- and Aroclor 1254-

induced increases in CYP1A mRNA levels and EROD activity were significantly 

attenuated by co-exposure to hypoxia, whereas the increases in hepatic eNOS protein and 

IL-1β mRNA expression, and PC contents were augmented by hypoxia co-exposure. The 

results suggest that biotransformation of organic xenobiotics by CYP1A is reduced in fish 

during co-exposure to hypoxia and is accompanied by alterations in eNOS, ROS and IL-

1β levels.   
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1. INTRODUCTION 

Marine organisms are frequently exposed to hypoxia due to natural seasonal and/or 

diurnal fluctuations in dissolved oxygen (DO) levels.
1-3

 Hypoxia in coastal regions is 

frequently exacerbated as a result of eutrophication caused by anthropogenic inputs of 

nutrients in runoff from agricultural land treated with fertilizers, feed lots and landfill 

leachates.
3
 In addition to hypoxia exposure, marine organisms in coastal environments 

are often also exposed to a variety of anthropogenic pollutants including polycyclic 

aromatic hydrocarbons (PAH), and planar halogenated aromatic hydrocarbons (PHAH), 

such as polychlorinated biphenyls (PCBs).
4-7

 Thus, organisms in coastal regions are 

frequently exposed to hypoxia and anthropogenic pollutants simultaneously.
2,8

  

PCBs were produced in many countries since the 1930s for various commercial 

applications such as dielectric and coolant fluids in transformers and in other electrical 

and hydraulic equipment.
9,10

 Due to their high bioaccumulation in biota and toxicity, PCB 

production and use were banned in the United States in the late 1970s, and in most of 

Europe, and several countries in Asia in the 1980s.
9,11

 However, PCBs are resistant to 

degradation, so they are persistent and ubiquitous contaminants that remain a major 

environmental concern.
9,10 

PCBs display a broad spectrum of pathophysiological effects 

in fish, often causing declines of growth, neuroendocrine disruption and reproductive 

impairment, disruption of spawning rhythms and larval recruitment, and in extreme cases, 

mortality.
4,12,13

 Many adverse effects of coplanar PCBs in fish have been shown to be 

mediated through the aryl hydrocarbon receptor (AhR).
14

 However, some of the toxic 

effects of coplanar PCBs such as apoptosis, immune suppression and reactive oxygen 

species (ROS) generation have also been reported in mammals and fish exposed to 
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nonplanar PCBs, indicating the importance of  nonAhR-mediated mechanisms in PCB 

toxicity.
15-17

 

Monooxygenase enzymes such as cytochrome P450-1A (CYP1A) catalyze the 

biotransformation of various organic compounds including PCBs.
4,18-20

 CYP1A is one of 

the earliest and most commonly used toxicological indicators of exposure to PAHs and 

PHAHs in tetrapods and teleost fishes, and is upregulated by a wide range of these 

pollutants.
19,20

 In vivo treatments with 3,3',4,4'-tetrachlorobiphenyl (PCB 77, a co-planar 

PCBs) significantly increased CYP1A mRNA and protein levels, and activity of 

ethoxyresorufin-O-deethylase (EROD, a measure of CYP1A enzyme activity) in hepatic 

tissues of marine teleost fishes such as scup,
 
rainbow trout, and yellow bullhead.

21-23
 

Similarly, a PCB mixture such as Aroclor 1254 treatment drastically increased CYP1A 

activity in hepatic tissues of freshwater fish such as common carp.
22

 Moreover, in vitro 

studies on rainbow trout hepatocytes and on scup liver microsomes have shown that PCB 

77 treatment increases CYP1A mRNA levels and EROD activity.
24,25

 These results 

suggest that the mRNA levels and enzymatic activity of CYP1A are highly susceptible to 

induction by exposure to PCBs in teleost fishes. 

Hypoxia exposure also influences CYP1A activity in teleost fishes. Hypoxia 

exposure significantly decreased CYP1A mRNA levels in hepatic tissues of Atlantic cod, 

and EROD activity in sheepshead minnow and zebrafish.
26-28

 Recently, we have shown that 

hypoxia exposure markedly decreases CYP1A mRNA and protein levels in hepatic tissues 

of Atlantic croaker (croaker, a marine fish).
29

 In addition, our in vivo studies have shown 

that the NO-donor, S-nitroso-N-acetyl-DL-penicillamine, significantly decreases CYP1A 

mRNA and protein levels in croaker liver, whereas the competitive inhibitor of NOS 
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enzyme, Nω-nitro-L-arginine methyl ester, restores CYP1A activity and expression in 

hypoxia-exposed fish. Moreover, exposure to hypoxia drastically increases interleukin-1β 

(IL-1β, a cytokine, CTK and a key mediator of inflammation) mRNA levels, endothelial 

NOS (eNOS) protein expression, and superoxide radical (O
2•−

, a ROS) production in 

croaker livers.
29,30 

We have also shown that the increase in eNOS, IL-1β and ROS levels 

and decrease in CYP1A activity in croaker livers during hypoxia exposure are reversed by 

antioxidant treatment.
29

 Collectively, these results suggest that hypoxia-induced down-

regulation of hepatic CYP1A activity in croaker is influenced by alterations of hepatic 

eNOS, IL-1β and oxidant status.  

Currently, there is a lack of information on interactive effects of hypoxia and 

PCBs on hepatic CYP1A activity and regulation of NOS, ROS and CTK in teleost fishes. 

Therefore, the present study was designed to assess the interactive effects of hypoxia and 

PCB exposure on CYP1A expression and NOS, ROS, and CTK regulation in croaker 

hepatic tissues.
 
Croaker is an appropriate teleost model for such studies because the 

effects of hypoxia exposure on NOS, ROS and IL-1β levels and the role of NOS in 

regulation of CYP1A expression and activity have already been characterized in this 

species.
29

 Juvenile croaker were exposed to two sublethal doses of a PCB mixture, 

Aroclor 1254, and a co-planar PCB (PCB 77) in their diet for a month, alone, and in 

combination with co-exposure to hypoxia (1.7 mg/L dissolved oxygen). Other croaker 

were exposed to hypoxia alone. Hepatic CYP1A mRNA and protein expression, EROD 

activity, and eNOS protein levels were measured in all treatment groups, and IL-1β 

mRNA levels and protein carbonyl (PC, an index of ROS) content were also measured 

after exposure to PCB 77 and hypoxia. The results show that changes in CYP1A 
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expression and activity after in vivo exposure to both the PCB and hypoxia stressors, 

alone and in combination, are associated with elevations of eNOS, IL-1β and PC contents 

in croaker livers.  

 

2. MATERIALS AND METHODS 

2.1. Chemicals 

3,3′,4,4′-tetrachlorobiphenyl (PCB 77) and Aroclor 1254 were obtained from Chem 

Service (West Chester, PA). Molecular and analytical grade reagents were purchased 

from Agilent Technologies (La Jolla, CA), Pierce (Rockford, IL), Bio-Rad (Hercules, 

CA) and Sigma-Aldrich (St. Louis, MO).  

 

2.2. Experimental fish 

 Young-of-the-year juvenile Atlantic croaker (10-11 cm total length, 12-18 g body 

weight, BW), collected in Texas bays, were purchased from local bait stands and 

transported to fish holding facilities at the University of Texas Marine Science Institute. 

Fish were stocked in large indoor tanks (capacity: 4,727 L) with recirculating sea water 

(salinity 30-32 ppt) system under ambient temperature (22±1
o
C) and photoperiod 

(13D:11L) conditions. Fish were fed frozen chopped shrimp once a day (3% BW/day) 

and acclimated to controlled laboratory conditions for 1 month prior to hypoxia and PCB 

77 or Aroclor 1254 co-exposure experiments.  
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2.3. Experiment: Interactive effects of hypoxia with PCB 77 or Aroclor 1254 

exposure 

Details of the hypoxia experimental set-up were described previously by Rahman and 

Thomas (2012).
28

 Briefly, thirty mixed-sex fish were stocked into each of twelve tanks 

(capacity: 2,025 L seawater) with a recirculating system. Six tanks were assigned to 

normoxic conditions (6.5 mg DO/L) and the other six tanks were maintained under 

hypoxic conditions (1.7 mg DO/L) in each treatment group. For the combined hypoxia 

with PCB 77 exposure experiment, two tanks of fish at each DO level (two tanks for 

normoxia and two tanks for hypoxia exposure) were fed frozen chopped shrimp mixed 

with low dose of PCB 77 (2 µg/g BW), another four tanks (two for normoxia and two for 

hypoxia) were fed a high dose of PCB 77 (8 µg/g BW), and the remaining four tanks 

(two for normoxia and two for hypoxia) of fish were given control food (no PCB77 

added to food). Similar to the PCB 77 exposure experiment, four tanks of fish (two tanks 

for normoxia and two tanks for hypoxia exposure) were fed chopped shrimp with a low 

dose of Aroclor 1254 (0.5 µg/g BW), another four tanks of fish (two for normoxia and 

two for hypoxia) were fed a higher sublethal dose of Aroclor 1254 (1 µg/g BW), and the 

third set of four tanks (two for normoxia and two for hypoxia) of fish were fed control 

diet (no Aroclor 1254 added to chopped shrimp). The concentrations of PCB 77 and 

Aroclor 1254, and experimental period in this study were based on environmental levels 

of PCBs and previous publications in teleost fishes including croaker.
12,13,31-34

 Fish in 

each tank were fed the same amount of food (3% BW/day) for 4 weeks. At the end of the 

experiments, the fish were sacrificed under deep anesthesia using quinaldine sulphate 

(Sigma Aldrich) in sea water. Animal care, and hypoxia and PCB 77 or Aroclor 1254 co-
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exposure experiments were conducted in the following guidelines and ethical rules 

approved by the University of Texas at Austin Animal Care and Use Committee (IACUC 

protocol #08080401). Liver tissues were quickly frozen in liquid nitrogen and stored at -

80
o
C until use for RNA extraction, enzymatic activity, and protein determination. Liver 

tissues were also fixed in 4% paraformaldehyde (Sigma-Aldrich) overnight at 4
o
C for 

immunohistochemical detection of CYP1A protein expression.  

 

2.4. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 

qRT-PCR analyses were performed on total RNA using a one-step qRT-PCR method as 

described previously by Rahman and Thomas (2012).
28

 Briefly, RNA was extracted from 

liver tissues using TRI reagent according to the manufacturer’s protocol (Sigma-Aldrich) 

followed by DNase treatment (Promega, Madison, WI). The quality and quantity of total 

RNA were confirmed with a NanoDrop 2000C (Thermo Fisher Scientific, Waltham, 

MA). qRT-PCR analyses were performed using a one-step SYBR Green qRT-PCR 

master mix (Agilent Technologies) following the manufacturer’s instructions. Gene-

specific primers were designed according to the croaker CYP1A (GenBank accession 

number JQ622220), IL-1β (JQ622219) and 18S (AY866435) sequences using Primer3 

software according to Untergasser et al. (2012).
35

 The following gene-specific primers 

were used for CYP1A (forward: 5’-TCAACGATGGCAAGAGTCTG-3’ and reverse: 5’-

TACTCTGGGGTTGTGCCTTC-3’, amplicon size: 121 bp), IL-1β (forward: 5’-CGTGA 

CCGACAGTGAGAAGA-3’ and reverse: 5’-TCCCATCCTTATGGCAAGAG-3’, 

amplicon size: 136 bp) and 18S rRNA (forward 5’-AGAAACGGCTACCACATCCA-3’ 

and reverse 5’-TCCCGAGATCCAACTACGAG-3’, amplicon size: 249 bp) mRNAs. 
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The qRT-PCR amplification cycles consisted of 50
o
C for 30 min, 95

o
C for 10 min, and 

40 cycles of 95
o
C for 30 s, 55

o
C for 1 min and 72

o
C for 30 s. At the end of each qRT-

PCR run, a melting curve analysis was also included at 1 cycle of 95
o
C for 1 min, 50

o
C 

for 30 s, and 95
o
C for 30 s. The melting curve of each qRT-PCR cycle was analyzed to 

assess the specificity of amplification. The relative mRNA levels of CYP1A and IL-1β 

among control and treatment groups were calculated using 2
-∆∆Ct 

equation according to 

Livak and Schmittgen (2001).
36

 

 

2.5. Preparation of microsomes and ethoxyresorufin-O-deethylase (EROD) activity 

assay 

Microsomes were separated from liver tissue according to Burke and Mayer (1974).
37 

Briefly, liver tissue (~1 g) was homogenized in stabilization buffer (100 mM potassium 

phosphate containing 20% glycerol, 1 mM dithiothreitol, 1 mM EDTA, pH 7.4; 

containing 10 µl of halt protease inhibitor cocktail), centrifuged at 12,000 x g for 11 min 

and collected supernatants. The resulting supernatants were further centrifuged using an 

ultracentrifuge at 100,000 x g for 60 min to yield microsomal pellets. Microsomal pellets 

were dissolved in 500 µl stabilization buffer, vortexed, and stored at -80
o
C until used for 

EROD activity assay and Western blot analysis. EROD activity was assayed using a 

fluorescence method.
37

  

 

2.6. Western blot analysis 

CYP1A and eNOS protein expression and levels were determined from hepatic 

microsomal and cytosolic fractions, respectively, by Western blot analysis as described 
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previously by Rahman and Thomas (2012).
29

 Briefly, protein samples were solubilized in 

loading buffer by boiling, resolved on SDS-PAGE gels and transferred onto immuno-blot 

PVDF membranes (Bio-Rad). Membranes were blocked with 5% nonfat dry milk in 

TBS-T buffer for 1 h at room temperature and probed with CYP1A and eNOS (Santa 

Cruz Biotechnology, Paso Robles, CA) primary antibodies (dilution: 1:1,000) overnight 

at 4°C. The mouse CYP1A monoclonal antibody was generated against a highly 

conserved amino acid sequence in rainbow trout CYP1A gene,
38

 which is 89% identical 

to the corresponding region of amino acid sequence in croaker CYP1A gene.
29

 The rabbit 

eNOS antibody was validated previously in croaker liver and stinging catfish ovary.
29,39

 

Membranes were then incubated with secondary anti-mouse antibody (1:5,000; Cell 

Signaling, Danvers, MA) for CYP1A and goat anti-rabbit antibody (1: 4,000; Southern 

Biotech, Birmingham, AL) for eNOS proteins. Actin protein was used as an internal 

control to normalize sample loading on the gels. The immunoreactive (IR) signals of 

CYP1A, eNOS and actin protein bands were visualized by the addition of 

chemiluminescent substrate (Pierce), photographed on Hyperfilm (GE Healthcare, 

Buckinghamshire, UK) and calculated by ImageJ software (National Institutes of Health, 

Bethesda, MD).  

 

2.7. Immunohistochemistry 

The immunofluorescent signals of CYP1A and eNOS proteins in croaker liver tissues 

were amplified by diaminobenzidine (DAB) peroxidase (Vector Laboratories, 

Burlingame, CA) and tyramide signal amplification solutions (Molecular Probes, Eugene, 

OR), respectively. Liver tissues were embedded in paraffin, sectioned into 7 µm section 
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on a microtome, deparaffinized with xylene and rehydrated with a series of ethanol. To 

expose the antigen, sections were rinsed in PBS and treated in a retrieval solution (10 

mM citric acid, pH 6.0) for 10 min, rinsed in PBS and incubated for 1 h in blocking 

solution (1% BSA containing PBS). After blocking, sections were rinsed in PBS and 

incubated with mouse anti-CYP1A and rabbit eNOS primary antibodies (dilution: 1:100) 

overnight at 4°C. After incubation, sections were rinsed in PBS and incubated for 2 h 

with HRP-linked anti-mouse and Alexa Fluor 594 goat anti-rabbit secondary antibodies 

for detection of CYP1A and eNOS proteins, respectively. The IR signal of CYP1A 

protein was detected using DAB substrate according to the manufacturer’s instructions 

(Vector Laboratories). The IR signals of CYP1A and eNOS proteins were captured by 

Cool-SNAP camera (Photometrics, Tucson, AZ) and calculated by ImageJ software.  

 

2.7. Protein carbonyl (PC) assay 

PC contents were measured in liver tissues according to the method of Levine et al. 

(1994).
40

 Briefly, tissue samples (0.2-0.3 g) were homogenized in a glass homogenizer in 

ice-cold PBS buffer and centrifuged at 10,000 x g for 15 min at 4
o
C. Two hundred µl of 

supernatant were added in 800 µl of DNPH to the sample and 800 µl of 2.5 N HCl to the 

control. Both samples were incubated in the dark at room temperature for 1 h. The 

proteins were then precipitated by adding 1 ml of 20% TCA and centrifuged at 10,000 x 

g for 10 min at 4
o
C. The resulting pellet was washed three times with 1 ml of 

ethanol:ethyl acetate mixture (1:1). After the final wash, the protein pellet was dissolved 

in 500 µl of 6 M guanidine hydrochloride. PC contents were determined by absorbance at 
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a wavelength between 360-385 nm using a Fluoro Star spectrophotometer (BMG Lab 

Tech, Cary, NC) and expressed as nmol/mg of protein. 

 

2.8. Statistical analyses 

Data are expressed as mean ± standard error of the mean (SEM). All of the experimental 

data were analyzed by one-way ANOVA followed by Fisher’s PLSD test for multiple 

comparisons. Unpaired means were compared with Student’s t-test. A P value <0.05 was 

considered statistically significant for all the tests.  

 

3. RESULTS 

3.1. Interactive effects of hypoxia and PCB 77 on CYP1A mRNA levels 

Exposure to hypoxia (1.7 mg DO/L for 4 weeks) caused significant decreases in CYP1A 

mRNA levels, whereas PCB 77 treatments (low dose: 2 µg/g body weight, BW; high 

dose: 8 µg/g BW) for 4 weeks caused a marked elevation (~75- and ~115-fold for low- 

and high-dose, respectively) of CYP1A mRNA levels compared to normoxic controls 

(Fig. 1A). Combined exposure to hypoxia and the high dose of PCB 77 (8 µg/g BW for 4 

weeks) significantly reduced CYP1A mRNA levels around 50% compared to PCB-

treatment alone (Fig. 1A).  

 

3.2. Interactive effects of hypoxia and PCB 77 on EROD activity and CYP1A 

protein expression 

Exposure to hypoxia significantly reduced EROD activity compared to normoxic controls 

(Fig. 2A). PCB 77 treatments markedly elevated EROD activity ~10- to 12-fold 
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compared to normoxic controls, whereas the marked elevation of EROD activity was 

attenuated when fish were simultaneously exposed to hypoxia and the high dose of PCB 

77 (Fig. 2A). Western blot analysis showed the presence of a predicted-size band of IR 

CYP1A protein of around 59 kDa (Fig. 2B). Immunoblot results showed that the 

expression of the CYP1A IR signal was reduced to around 27% of controls in hypoxia-

exposed fish (1.7 mg DO/L for 4 weeks), whereas treatments with PCB 77 (low dose: 2 

µg/g body weight, BW; high dose: 8 µg/g BW for 4 weeks) increased CYP1A protein 

levels ~3- to 4-fold compared with normoxic controls following normalization to actin 

protein (Fig. 2C, D). Combined exposure to hypoxia and the high dose of PCB 77 (8 µg/g 

BW) significantly decreased CYP1A protein levels around 14% (P<0.05, Student’s t-test) 

compared to PCB treatments under normoxic conditions (Fig. 2C, D). 

 

3.3. Interactive effects of hypoxia and Aroclor 1254 on CYP1A mRNA levels and 

protein expression 

Hypoxia exposure (1.7 mg DO/L for 4 weeks) caused a decrease in CYP1A mRNA 

levels, whereas the Aroclor 1254 treatments (low dose: 0.5 µg/g BW, high dose: 1 µg/g 

BW for 4 weeks) caused marked increases in CYP1A gene expression. The combined 

treatments with hypoxia attenuated the CYP1A responses to both the high and low doses 

of Aroclor 1254 by approximately 50% (Fig. 3A).  

The interactions between hypoxia and Aroclor 1254 on CYP1A protein 

expression in croaker livers were also examined by immunohistochemistry (IHC). The 

expression and intensity of IR staining of CYP1A protein decreased around 11% in 

hypoxia-exposed (1.7 mg DO/L for 4 weeks) fish compared to normoxic controls (Fig. 
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3C,D). On the other hand, treatments with Aroclor 1254 (low dose: 0.5 µg/g BW, high 

dose: 1 µg/g BW) for 4 weeks caused marked increases (~2.5- to 3.5-fold) in CYP1A 

protein expression and intensity compared to normoxic control fish. However, the 

increases in CYP1A IR expression and intensity were attenuated ~60- to 88% when fish 

were co-exposed to hypoxia and Aroclor 1254 (Fig. 3C,D).     

 

3.4. Interactive effects of hypoxia and PCB 77/Aroclor 1254 on eNOS protein 

expression 

In order to investigate the potential mechanisms of CYP1A regulation by hypoxia and 

PCB 77, we measured eNOS protein expression, PC contents and IL-1β mRNA levels in 

croaker livers. Western blot result showed a predicted-size band of IR eNOS protein of 

~140 kDa (Fig. 4A). The expression of eNOS IR signal was increased ~2.5-fold in 

hypoxia-exposed fish compared with normoxic fish following normalization to actin 

protein (Fig. 4B, C). Treatments with PCB 77 increased eNOS protein levels ~5-fold 

compared to those in normoxic fish. No significant difference was observed in eNOS 

protein levels between the control-low dose of PCB 77 and the combined hypoxia-low 

dose of PCB 77 treatment (2 µg/g) groups. The combined treatment of hypoxia and high 

dose of PCB 77 (8 µg/g BW for 4 weeks) significantly increased eNOS protein levels 

compared to those in fish exposed to PCB 77 alone (Fig. 4B, C). We also analyzed the 

expression pattern of eNOS protein in croaker livers by IHC. The IR staining intensity of 

eNOS protein increased ~3-fold in liver tissues of hypoxia-exposed fish compared to 

normoxic controls (Fig. 4D,E). Treatments with Aroclor 1254 (low dose: 0.5 µg/g BW, 

high dose: 1 µg/g BW) for 4 weeks caused marked increases (~7- to 12-fold) in eNOS 
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protein expression and intensity compared to normoxic control fish. The increase in 

eNOS expression and intensity was further elevated when fish were co-exposed to 

hypoxia and Aroclor 1254 (Fig. 4D,E). 

 

3.5. Interactive effects of hypoxia and PCB 77 on PC contents and IL-1β mRNA 

levels 

Protein oxidation results showed PC contents in croaker livers were increased around 3-

fold in hypoxia-exposed fish and around 5-fold in the PCB 77-exposed fish compared to 

normoxic controls (Fig. 5A). PC contents in the combined hypoxia and PCB 77 treated 

fish were further significantly increased over those exposed to these treatments alone and 

were increased ~7.7- to ~9.9-fold over those in the normoxic controls (Fig. 5A). 

qRT-PCR results showed exposure to hypoxia caused a significant ~3-fold 

increase in IL-1β mRNA levels in croaker livers (Fig. 5B). PCB 77 treatments, both low- 

and high-dose, resulted in marked increases in IL-1β mRNA levels around 7.5- to 9.5-

fold compared to those in normoxic fish, and IL-1β mRNA levels were further elevated 

to around 13- to 16.5-fold those in controls when fish were simultaneously exposed to 

hypoxia and PCB 77 (Fig. 5B).  

 

4. DISCUSSION  

The results of this study clearly show that co-exposure of croaker to hypoxia blunts the 

increases in hepatic CYP1A mRNA and protein expression as well as EROD activity 

induced by treatment with PCB 77 and Aroclor 1254. Consistent with our previous 

findings, chronic exposure to hypoxia alone caused significant decreases in hepatic 
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CYP1A activity, mRNA and protein expressions compared to fish held in normoxic 

conditions that were accompanied by increases in hepatic eNOS protein, IL-1β mRNA, 

and PC levels.
29

 As predicted, treatment with the PCBs had an opposite effect on CYP1A 

expression and activity, dramatically increasing mRNA and protein expression and 

EROD activity. Interestingly though, chronic treatment with PCB exposure also elevated 

hepatic eNOS protein expression, PC contents and IL-1β mRNA levels, with increases 

significantly greater than those in the livers of fish held in hypoxic conditions. Moreover, 

the attenuation of the CYP1A response to PCB treatment by co-exposure to hypoxia was 

accompanied by further significant increases in eNOS and IL-1β expression and PC 

concentrations. These results suggest that an intimate but complex relationship exists 

between the expression and activity of CYP1A and its potential regulators, eNOS, IL-1β, 

and ROS, after co-exposure to hypoxia and PCBs that warrants further investigation. To 

our knowledge, this is the first in vivo study to show the interactive effects of hypoxia 

with PCBs on hepatic CYP1A expression and eNOS, ROS and IL-1β regulation in a 

teleost species. 

Induction of hepatic CYP1A expression and activity by PCB exposure is a 

common phenomenon in tetrapods and teleost fishes.
41,42

 In the present study, chronic 

treatment in the food with PCB 77 (2 µg/g or 8 µg/g BW) or Aroclor 1254 (0.5 µg/g or 1 

µg/g BW) for 4 weeks caused marked increases in hepatic CYP1A mRNA (~40- to 115-

fold) and CYP1A protein (~3-fold) expression in croaker which were accompanied by 

significant increases (~10- to 12-fold) in EROD activity. Similarly, a single injection with 

PCB 77 (1 µg/g BW) increased hepatic EROD activity around ~10-fold 7 days later in 

rainbow trout and around 2.5-fold in yellow bullhead.
22,23

 Similar to PCB 77, a single 
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injection with Aroclor 1254 (10 µg/g BW) induced hepatic microsomal EROD activity 

around 5-fold in rainbow trout.
22

  

An important finding of this study is that chronic co-exposure to hypoxia (1.7 mg 

DO/L for 4 weeks) causes marked decreases in PCB-induced upregulation of hepatic 

CYP1A mRNA and protein levels, and EROD activity in croaker. Combined effects of 

hypoxia and xenobiotics on hepatic CYP1A regulation have been previously reported in 

other teleost fishes. EROD activity in zebrafish larvae (24-72 hours post-fertilization, 

hpf) exposed to PCB 126, a dioxin-like PCB, is decreased ~4 to 7-fold under hypoxic 

(DO: 2.7 mg/L for 72 h) conditions.
43

 In addition, co-exposure of zebrafish embryos (48 

hpf) to 2,3,7,8-tetrachlorodinezodioxin (TCDD, a dioxin) and moderate hypoxia (DO: 3 

mg/L) for 6 hours caused significant decreases (50%) in CYP1A mRNA levels.
44

 In 

contrast, hepatic CYP1A mRNA levels were not significantly altered in juvenile grouper 

after combined exposure for 4 weeks to benzo[a]pyrene, an AhR agonist, and hypoxia 

(DO: 1.5-2 mg/L)
45

, and in adult tilapia after 5 days’ exposure to these stressors.
46

 

Collectively, these studies suggest that the reduction in the hepatic CYP1A response to 

PHAH and PAH exposure when fish are co-exposed to hypoxia is a common but not 

ubiquitous outcome in teleost fishes. 

An interesting result of the present study is the overexpression of eNOS protein in 

croaker liver during co-exposure to hypoxia and PCB. The production of nitric oxide 

(NO, a reactive nitrogen species, RNS) is catalyzed by eNOS in vertebrate liver tissues.
47

 

NO and eNOS are both involved in regulation of hepatic CYP1A enzyme in vertebrates.
48

 

For example, NO enhanced the down-regulation of enzymatic activities in hepatic 

CYP1A1 and CYP1A2, and suppressed their mRNA and protein expression in rat 
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liver.
47,48

 Several mammalian in vitro studies have been shown that treatment with PCB 

increases NO content in cultured rabbit and human endothelial cells.
49,50

 Interestingly, 

treatment with NO donors such as S-nitroso-N-acetyl-DL-penicillamine (SNAP), and 

sodium nitroprusside, suppress CYP1A1 and CYP1A2 mRNA and protein expression, 

and also their activities in rat hepatocytes under normoxic conditions.
51

 Similarly, we 

have recently shown that administration of NO donor, SNAP, decreases hepatic CYP1A 

mRNA and protein levels, and EROD activity in hypoxic fish compared to normoxic 

conditions.
29

 Moreover, we have demonstrated that hypoxia increases hepatic eNOS 

protein levels and increases plasma NO metabolites (NOx, nitrite and nitrate) 

concentration which subsequently decreases CYP1A activity, mRNA and protein 

expression in croaker liver.
29,52

  

Hypoxia-induced changes in gene expression are thought to be primarily 

regulated by a transcription factor, hypoxia-inducible factor-1α (HIF-1α), which forms a 

transcriptionally active dimer with HIF-1β (ARNT) under hypoxic conditions.
53-55

 Upon 

activation by PAHs and PHAHs, the aryl hydrocarbon receptor (AhR) is translocated to 

the nucleus where it forms a transcriptionally heterodimer with ARNT to regulate 

transcription of numerous genes, including CYP1A1.
56

 In vitro studies with mammalian 

and fish cell lines have shown that there is cross-talk between the HIF-1α/ARNT and 

AhR/ARNT pathways during co-exposure to hypoxia and AhR agonists resulting in 

attenuation of AhR agonist-induced CYP1A1 expression and enzymatic activity.
27,56,57

 

However, an analysis of AhR-mediated signaling induced by dioxin in mammalian 

hepatoma cell lines during hypoxia exposure revealed a lack of competition for ARNT, 

even though CYP1A1 mRNA was down-regulated.
58

 Moreover, enzymatic activity of 
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CYP1A1 was shown to be inhibited by hypoxia in HIF-1α null cells which suggests that 

negative regulation of AhR signaling by hypoxia is not mediated by HIF-1α and 

competition for ARNT.
59

 Therefore, the mechanisms underlining the regulation of 

CYP1A during co-exposure to hypoxia and PCB in croaker, and whether they involve 

crosstalk between HIF-1α/ARNT and AhR/ARNT pathways, remain unclear and require 

additional investigation.  

The present findings indicate that the potential roles of eNOS, oxidative stress, 

and cytokines in the hypoxia-induced attenuation of the CYP1A expression and activity 

responses to PCB exposure also warrant further study on molecular mechanisms of 

CYP1A regulation in combined exposure to hypoxia and PCBs in teleost fishes. The 

results of a previous study using pharmacological treatments that modulated eNOS 

activity clearly show that eNOS is an intermediary in hypoxia-induced down-regulation 

of CYPIA expression and EROD activity in croaker livers.
29

 Similarly, increased eNOS 

activity partially mediates the decrease in CYP1A activity in rat livers observed during 

sepsis.
48

 Increased production of reactive oxygen intermediates such as ROS in rabbits 

during acute inflammation causes a reduction in hepatic cytochrome P450 activity.
60

 In 

addition, cytokines such as IL-1β have been implicated in hypoxia-induced declines in 

hepatic cytochrome P450 activity and expression in rabbits.
61,62

 These results suggest that 

ROS and ILβ-1 are also likely involved in hypoxia down-regulation of CYP1A 

expression and activity in croaker livers. Moreover, the finding that the attenuation of 

PCB-induced upregulation of CYP1A expression and EROD activity by co-exposure to 

hypoxia is accompanied by further increases in eNOS, ROS (PC content), and IL-1β 

expression raises the possibility that they may also mediate CYP1A down-regulation 
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under co-exposure conditions. A future study to test the hypothesis that the pathways 

regulating eNOS, CTK and ROS in response to hypoxia and PCB co-exposure antagonize 

each other to regulate hepatic CYP1A could clarify the interactions between these two 

stressors in CYP1A regulation.  

 

5. CONCLUSION 

Our in vivo studies provide the first clear evidence that the induction of hepatic 

CYP1A activity during hypoxia and PCB co-exposure in Atlantic croaker is accompanied 

by alterations in hepatic eNOS, ROS and CTK. The results from this study suggest that 

combined exposure to hypoxia and PCB could decrease xenobiotic chemical metabolism 

in teleost fishes that inhabit contaminated coastal waters and estuaries where fluctuations 

of dissolved oxygen occur frequently. This decrease in xenobiotic metabolism could alter 

the toxicity of some PCBs, PAHs and other AhR ligands. For example, decreased 

metabolism of certain PAHs such as benzo[a]pyrene which is metabolically activated to a 

DNA-binding carcinogen could decrease their toxicity, whereas it could increase the 

accumulation and toxicity of other PAHs including naphthalene and phenanthrene which 

are converted to more polar metabolites that can be readily excreted.
63,64

 Information on 

the effects of hypoxia on metabolism of AhR ligands and other xenobiotic chemicals 

should lead to a better understanding of their toxicity and long-term impacts on wild fish 

populations in hypoxic environments.  
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FIGURE LEGENDS: 

FIGURE 1. Interactive effects of hypoxia and PCB 77 on CYP1A mRNA levels in 

croaker liver. Treatments with hypoxia (HYP: 1.7 mg DO/L for 4 weeks) and PCB 77 

(PCB) (low dose, LD: 2 µg/g body weight, BW; high dose, HD: 8 µg/g BW) (A) on 

CYP1A mRNA levels, and (B) Ct values of 18S in croaker liver. Each value represents 

the mean±SEM (N= 7-8). Results were analyzed by ANOVA followed by Fisher’s PLSD 

test for multiple comparisons. Different letters indicate significant differences in the 

Fisher’s PLSD test (P<0.05) for multiple comparisons. Asterisk indicates a significant 

difference by Student’s t-test (P<0.05) for unpaired means. CTL, control. 

 

FIGURE 2. Interactive effects of hypoxia and PCB 77 on EROD activity and CYP1A 

protein expression in croaker liver. Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and 

PCB 77 (PCB) (low dose, LD: 2 µg/g body weight, BW; high dose, HD: 8 µg/g BW) 

exposure on EROD activity (A), CYP1A protein expression from individual fish (C) and 

relative CYP1A protein levels (D) in croaker liver. Western blot of croaker liver 

microsomal fraction labeled with CYP1A and actin antibodies showing prominent band 

of the predicted size ~60 and ~45 kilodalton (kDa), respectively (B). Each value 

represents the mean±SEM (N=8-10). Results were analyzed by ANOVA followed by 

Fisher’s PLSD test for multiple comparisons. Different letters indicate significant 

differences in the Fisher’s PLSD test (P<0.05). Asterisks indicate a significant difference 

by Student’s t-test (P<0.05) for unpaired means. CTL, control. 
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FIGURE 3. Interactive effects of hypoxia and Aroclor 1254 on CYP1A mRNA levels and 

protein expression in croaker liver. Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and 

Aroclor 1254 (ARO) (low dose, LD: 0.5 µg/g body weight, BW; high dose, HD: 1 µg/g 

BW) on CYP1A mRNA (A), Ct values of 18S (B), and CYP1A protein expression (C) 

and immunoreactive intensity (D) in croaker liver. Representative micrographs of 

CYP1A protein in liver sections from fish after the various treatments (C). Scale bar= 

250 µm. Each value represents the mean±SEM (N= 10-18). Results were analyzed by 

ANOVA followed by Fisher’s PLSD test for multiple comparisons. Different letters 

indicate significant differences (P<0.05) in the Fisher’s PLSD test. Asterisk indicates a 

significant difference by Student’s t-test (P<0.05) for unpaired means. CTL, control. 

 

FIGURE 4. Interactive effects of hypoxia and PCB 77 on eNOS protein expression, PC 

contents and IL-1β mRNA levels in croaker liver. (A) Western blot of croaker liver 

cytosolic fraction labeled with eNOS and actin antibodies showing prominent band of the 

predicted size ~140 and ~45 kilodalton (kDa), respectively. (B,C) Effect of 4 weeks’ 

hypoxia (HYP, 1.7 mg DO/L) and PCB 77 (PCB) (low dose, LD: 2 µg/g body weight, 

BW; high dose, HD: 8 µg/g BW) exposure on eNOS protein expression (B) and levels 

(C) in croaker liver. Representative Western blot shown from individual fish. (D,E) 

Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and Aroclor 1254 (ARO) (low dose, 

LD: 0.5 µg/g BW; high dose, HD: 1 µg/g BW) on eNOS protein expression (D) and 

immunoreactive (IR) intensity (E) in croaker liver tissues. Representative micrographs of 

eNOS protein in liver sections from fish after the various treatments (D). Scale bar= 250 

µm. Each value represents the mean±SEM (N= 8 for eNOS protein levels; and N=25-35 
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for eNOS immunoreactive intensity). Results were analyzed by ANOVA followed by 

Fisher’s PLSD test for multiple comparisons. Different letters indicate significant 

differences in the Fisher’s PLSD test (P<0.05). Asterisks indicates significant differences 

by Student’s t-test (P<0.05) for unpaired means. CTL, control. PM, protein marker. 

  

FIGURE 5. Interactive effects of hypoxia and PCB 77 on PC contents and IL-1β mRNA 

levels in croaker liver. Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and PCB 77 

(PCB) (low dose, LD: 2 µg/g body weight, BW; high dose, HD: 8 µg/g BW) exposure on 

PC contents (A) and IL-1β mRNA levels (B) in croaker liver. Each value represents the 

mean±SEM (N= 8 for PC contents and mRNA levels). Results were analyzed by 

ANOVA followed by Fisher’s PLSD test for multiple comparisons. Different letters 

indicate significant differences in the Fisher’s PLSD test (P<0.05). Asterisk indicates 

significant difference by Student’s t-test (P<0.05) for unpaired means. CTL, control. 
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FIGURE 1. Interactive effects of hypoxia and PCB 77 on CYP1A mRNA levels in croaker liver. Treatments 
with hypoxia (HYP: 1.7 mg DO/L for 4 weeks) and PCB 77 (PCB) (low dose, LD: 2 µg/g body weight, BW; 

high dose, HD: 8 µg/g BW) (A) on CYP1A mRNA levels, and (B) Ct values of 18S in croaker liver. Each value 

represents the mean±SEM (n= 7-8). Different letters indicate significant differences (Fisher’s PLSD test, 
P<0.05). Asterisk indicates significant difference (Student’s t-test, *P<0.05). CTL, control.  
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FIGURE 2. Interactive effects of hypoxia and PCB 77 on EROD activity and CYP1A protein expression in 
croaker liver. Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and PCB 77 (PCB) (low dose, LD: 2 µg/g body 

weight, BW; high dose, HD: 8 µg/g BW) exposure on EROD activity (A), CYP1A protein expression from 
individual fish (C) and relative CYP1A protein levels (D) in croaker liver. Western blot of croaker liver 

microsomal fraction labeled with CYP1A and actin antibodies showing prominent band of the predicted size 
~60 and ~45 kilodalton (kDa), respectively (B). Each value represents the mean±SEM (N=8-10). Different 
letters indicate significant differences (Fisher’s PLSD test, P<0.05). Asterisk indicates significant difference 

(Student’s t-test, *P<0.05). CTL, control.  
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FIGURE 3. Interactive effects of hypoxia and Aroclor 1254 on CYP1A mRNA levels and protein expression in 
croaker liver. Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and Aroclor 1254 (ARO) (low dose, LD: 0.5 
µg/g body weight, BW; high dose, HD: 1 µg/g BW) on CYP1A mRNA (A), Ct values of 18S (B), and CYP1A 

protein expression (C) and immunoreactive intensity (D) in croaker liver. Representative micrographs of 
CYP1A protein in liver sections from fish after the various treatments (C). Scale bar= 250 µm. Each value 

represents the mean±SEM (N= 10-18). Different letters indicate significant differences (Fisher’s PLSD test, 
P<0.05). Asterisk indicates significant difference (Student’s t-test, *P<0.05). CTL, control.  
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FIGURE 4. Interactive effects of hypoxia and PCB 77 on eNOS protein expression, PC contents and IL-1β 
mRNA levels in croaker liver. (A) Western blot of croaker liver cytosolic fraction labeled with eNOS and actin 
antibodies showing prominent band of the predicted size ~140 and ~45 kilodalton (kDa), respectively. (B,C) 

Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and PCB 77 (PCB) (low dose, LD: 2 µg/g body weight, BW; 
high dose, HD: 8 µg/g BW) exposure on eNOS protein expression (B) and levels (C) in croaker liver. 

Representative Western blot shown from individual fish. (D,E) Effect of 4 weeks’ hypoxia (HYP, 1.7 mg 
DO/L) and Aroclor 1254 (ARO) (low dose, LD: 0.5 µg/g BW; high dose, HD: 1 µg/g BW) on eNOS protein 

expression (D) and immunoreactive (IR) intensity (E) in croaker liver tissues. Representative micrographs of 
eNOS protein in liver sections from fish after the various treatments (D). Scale bar= 250 µm. Each value 

represents the mean±SEM (N= 8 for eNOS protein levels; and N=25-35 for eNOS immunoreactive 
intensity). Different letters indicate significant differences (Fisher’s PLSD test, P<0.05). Asterisk indicates 

significant difference (Student’s t-test, *P<0.05). CTL, control. PM, protein marker.  
 
 

 

Page 37 of 38

John Wiley & Sons

Environmental Toxicology

This article is protected by copyright. All rights reserved.



A
ut

ho
r M

an
us

cr
ip

t 215x247mm (300 x 300 DPI)  

Page 38 of 38

John Wiley & Sons

Environmental Toxicology

This article is protected by copyright. All rights reserved.



A
ut

ho
r M

an
us

cr
ip

t   

 

 

FIGURE 5. Interactive effects of hypoxia and PCB 77 on PC contents and IL-1β mRNA levels in croaker liver. 
Effect of 4 weeks’ hypoxia (HYP, 1.7 mg DO/L) and PCB 77 (PCB) (low dose, LD: 2 µg/g body weight, BW; 
high dose, HD: 8 µg/g BW) exposure on PC contents (A) and IL-1β mRNA levels (B) in croaker liver. Each 

value represents the mean±SEM (N= 8 for PC contents and mRNA levels). Different letters indicate 
significant differences (Fisher’s PLSD test, P<0.05). Asterisk indicates significant difference (Student’s t-test, 

*P<0.05). CTL, control.  
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