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ABSTRACT
The purpose of this study was to investigate the efficacy of UV-C direct photolysis of bisphenol A (BPA) as a
remediation method of BPA contamination. We used zebrafish embryos as a model organism to test the
toxicity and residual biological activity by measuring cytochrome P4501A1 (CYP1A), aromatase B (Aro B)
and heat shock proteins (HSP-70) transcript levels. The mRNA levels of CYP1A gene increased about two
fold while exposure of zebrafish embryos at 72 hpf resulted in significant induction (P D 0.048) of Aro B at
100 mg/L of BPA. Exposure of zebrafish embryos at 72 hpf to increasing concentrations of BPA resulted in
significant induction (P D 0.0031) of HSP-70 transcript level. UV treatment of BPA resulted in a significant
reduction in toxicity by reducing mortality of zebrafish embryos. The results suggest that UV-C direct
photolysis may be an effective method for remediation of BPA contamination. Further studies will be
necessary for better understanding of the identity and relative activity of the UV degradation
by-products.
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Introduction

Production of bisphenol A (BPA) worldwide exceeds 3 million
metric tons per year. BPA is used extensively in both industrial
and domestic consumer products made from polycarbonate
plastics and epoxy resins.[1] Recent studies have linked BPA to
adverse health effects in infants, young children, and adults.
While debate is going on relative safe levels for endocrine dis-
ruptive chemicals (EDCs), it is generally recognized that signifi-
cant efforts will be needed to reduce environmental levels of
BPA worldwide. It should be noted that instruments can be
used to accurately detect concentrations of chemicals in the
environment,[2] but biological assay can conclusively determine
the toxic effects of contaminants and no observed adverse effect
level (NOAEL). BPA can enter body through contaminated
water, treated wastewater, food and physical handling of plastic
coated surfaces. Significant attention has been given to BPA
contamination due to its high level of production and wide-
spread use in production of polycarbonate derived products.[3]

BPA’s solubility in water is much greater than its half maximal
effective concentration (EC50) and can cause acute toxicity in
aquatic organisms in the range of 1–15 mg/mL for freshwater
and marine species.[4] Like other xenobiotics, it is documented
to alter expression of various genes and physiological processes.
Several studies have focused on the responses to chemical stres-
sors at the molecular level in aquatic species and there is a great
demand for cost effective approaches to evaluate its toxicity
and develop effective remediation measures.[5,6] In the present

study, we used zebrafish (Danio rerio) embryos as a model
organism to identify effective biomarkers for BPA. Zebrafish
embryos are widely used in the area of environmental toxicol-
ogy, and considered as a suitable model organism to assess
developmental abnormalities in vertebrates, including mam-
mals.[7,8] Use of zebrafish also meets the OECD guideline for
testing lethal effects of chemicals on embryonic stages of fish
and considered a possible alternative test organism for acute
toxicity in juvenile and adult fish.[9]

Gene expression has been used as a viable approach in
many studies as validated biomarker to assess the effects of
exposure to EDCs, including the investigation of photolysis
and other advanced oxidation processes used for degrada-
tion of chemicals to remediate their toxic effects.[10] Owing
to rising concern regarding the presence of BPA and other
EDCs, the treatment of these chemicals is being extensively
tested, and advanced oxidation processes (AOPs) are con-
sidered to be an effective remediation method to degrade
organic pollutants. Various AOPs have been evaluated for
degradation of BPA in aqueous solution. Among these,
direct UV photolysis and UVCH2O2 provide relatively sim-
ple and economical methods. To determine the efficacy of
the treatment process, changes in biological activity of BPA
have been evaluated by a number of investigators in the
past in addition to analytical methods.[11,12]

Studies revealed that BPA targets multi-receptor path-
ways in a complex mechanism within the endocrine system.
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Here, we focus on transcriptome alterations of genes
involved in controlling various physiological parameters to
assess the activity of BPA. The genes investigated include
cytochrome P450 aromatase (Aro B), as a target for estro-
gen-like activity of BPA. Disruption of Aro B can adversely
affect sexual hormones and impair function of steroidogenic
enzymes, responsible for conversion of androgens to estro-
gens.[13–16] BPA was shown to influence brain specific
expression of aromatase and this induction appears to be
mediated through estrogen-mediated pathways as well as
androgen receptors.[17,18] Most vertebrates tested contain
detoxification mechanisms as protection against chemical
contaminants that includes target genes family of cyto-
chrome P450, such as cytochrome P4501A1 (CYP1A1).

In the present study, we used gene expression as a quan-
titative biological assay to assess biological activity of BPA.
The expression of heat shock protein 70 (HSP-70) was mea-
sured, since its variation can lead to adverse health effects
in vertebrates.[19] The expression of both inducible heat
shock genes and constitutive forms has been found to be
affected in response to physical and chemical stress.[20] We
also measured CYP1A mRNA as potential biomarker for
BPA in zebrafish embryos. CYP1A is phase I biotransforma-
tion enzyme, involved in the metabolism of chemicals by
increasing their hydrophilicity through hydrolysis, reduction
and oxidation.[21] The main objective of the present study
was to use zebrafish embryos as a suitable model organism
to test the hypothesis that exposure to BPA alters expres-
sion of genes coding for proteins involved in estrogen medi-
ated pathway as well as stress response. We also aimed to
identify potential biomarkers for testing the efficacy of UV
based advanced oxidation processes to convert BPA into
inactive by-products in an effort to develop an effective
remediation procedure to address serious challenges result-
ing from contamination with BPA and other ubiquitous
organic environmental chemicals.

Materials and methods

The animal care committee at the University of Calgary
approved all protocols involving use of zebrafish embryos
and adults. Embryos were obtained from the wild type adult
zebrafish purchased from the Aquatic Imports, Calgary,
Canada. Fish were kept in the laboratory in a dechlorinated
RO water recirculating system with automatic pH and salt
dosing unit (aquatic system water) at 14:10 h light and
dark. pH solution contained 16 g/L NaHCO3 (VWR Inter-
national, Canada) and conductivity was maintained by
25 g/L sea salt solution (VWR International, Canada).
Salinity and conductivity of the medium ranged between
0.5–1 g/L and 300–1,500 mS, respectively.

Zebrafish larvae were fed brine shrimp (Artemia nauplii,
INVE, Salt Lake City, UT, USA), and adult fish were main-
tained on commercial diet twice daily (Zeigler). Seventy
embryos per replicate (five replicates for each treatment) were
transferred to sterile plates with aquatic system water (4 mL).
At 5 h post fertilization (hpf), embryos were spiked with 1 mL
of reverse osmosis (RO) water containing different concentra-
tions of BPA along with the vehicle control group. Mortality

was estimated and the system water with BPA solutions was
renewed daily. After 72 hpf, the embryos were snap frozen for
further analysis. Throughout the treatment period, embryos
were kept in an incubator at 28 § 0.5�C.

UV treatment of BPA

BPA (Sigma Aldrich, St. Louis, MO, USA) was used to make
35 ppm stock solution in Milli-Q water by sonication. Based on
earlier studies on direct UV photolysis, the aqueous solution
was irradiated with UV-C radiation using low pressure mercury
lamp (λ D 254 nm) for 90 min in a Rayonet photo-reactor.[22]

HPLC analysis

BPA degradation and the intermediates generated during the
degradation process were analyzed by HPLC, using a Varian
Prostar 210 HPLC instrument (Palo Alto, CA, USA) equipped
with a 325 nm liquid chromatography (LC) UV-visible detec-
tor. A Zorbax SB C-18 (4.6 150 mm, 5 mm, Agilent, Wilming-
ton, DE, USA) column was used to separate the mother
compound from its by-products. HPLC analysis showed the
disappearance of BPA along with formation of photoproducts.

BPA exposure to zebrafish embryos

Stock solution with 35 ppm concentration of BPA was diluted
to 50, 100, 150, 200 and 250 mg/L for exposure to zebrafish
embryos. Similarly, UV treated BPA of 35 ppm stock was also
diluted to the similar concentrations and used for exposure to
zebrafish embryos to measure the mRNA levels of target genes.

RNA extraction and reverse transcription

Total RNA was extracted using TRIZOL reagent (Invitrogen,
Canada) according to the manufacturer’s protocol. Total RNA
was quantified and the quality determined using Nanodrop
(Thermo Scientific, Waltham, MA, USA) spectrophotometer at
260 and 280 nm. Reverse transcription of 4 mg of total RNA
was carried out in a total volume of 18 mL according to manu-
facturer’s protocol. An oligo d (T) anchor and M-MLV reverse
transcriptase (Invitrogen, Burlington, ON, Canada) were used.

Quantitative real-time polymerase chain reaction (QPCR)

QPCR was done to determine the relative abundance of
mRNA extracted from zebrafish embryos/larvae. All primers
were optimized via gradient PCRs and a melt curve was
performed for every QPCR plate. The efficiencies of reac-
tions were determined by performing the QPCR on serial
dilutions of cDNA. The efficiencies for all genes were
between 90–105%, which is considered in the optimal range
for QPCR analysis. PCR amplification was conducted using
BIORAD I cycler Multicolor Real Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA) and iQ TM SYBR Green
Supermix (Bio-Rad), according to the manufacturer’s
instructions. Each reaction well contained 12.5 mL SYBR
Green PCR Master Mix (Qiagen, Mississauga, Canada),
1 mL of diluted cDNA, 0.25 mM dNTPs, 0.25 mM of each
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primer and ultrapure distilled water (Invitrogen, Buvlington,
ON, Canada) in a total volume of 25 mL. QPCR included
initial denaturation at 95�C for 3 min, 40 cycles of denatur-
ation at 95�C for 10 s, and annealing at the gene specific
temperature for 20 s. All forward and reverse primers along
with their optimized annealing temperatures are shown in
Table 1.[23–26] Each experimental sample was run in tripli-
cates to ensure consistency. Relative quantification approach
was employed for determination of mRNA by QPCR. It is
based on the expression levels of a target gene versus a
housekeeping gene. Zebrafish b-actin gene was used as
internal control and to calculate the threshold cycle (Ct).
The calibrated DCt value (DDCt) for each sample and
b-actin was calculated as [DDCt D 2^¡(DCt sample¡DCt
internal control)].[27]

Statistical analysis

Statistical analysis was performed using one-way ANOVA and
two-way ANOVA as indicated to determine the difference
among means of mRNA transcript levels for various BPA dos-
ages and effect of UV photolysis, respectively. When ANOVA
showed the presence of significant difference (P less than 0.05),
post hoc multiple comparison of the mean was performed
using the Tukey’s test (Prism statistical software, Graph Pad
Software, Inc., La Jolla, CA, USA).

Results

Time-related effects of BPA

In the first study, BPA dose of 100 mg/L was chosen as a suble-
thal concentration to determine time-related effects of BPA
(48 and 72 hpf) in terms of transcript levels for zebrafish
embryos. QPCR was carried out to determine transcript abun-
dance for CYP1A, Aro B and HSP-70 genes as described above.
The mRNA level of each target gene was expressed after nor-
malizing to the expression of b-actin as a housekeeping gene,
with respect to its respective control.

As shown in Figure 1, BPA exposure did not significantly
affect transcript levels after 48 hpf. However, at 72 hpf, expo-
sure to BPA significantly altered Aro B and HSP-70 transcript
levels, compared to the control (Fig. 1). Exposure to BPA did
not significantly alter GPX mRNA level, either at 48 or at
72 hpf (Fig. 1). The overall results from the initial experiment
indicate that exposure of BPA in zebrafish embryos at 72 hpf

may provide a suitable model system to test the efficacy of
UV-C direct photolysis treatment on biological activity.

Dose-related effects of BPA before and after UV-C direct
photolysis treatment

Subsequent experiments were carried out to test the dose-
related (50, 100, 150, 200 and 250 mg/L) effects of BPA

Table 1. QPCR primers used for the analysis of zebrafish genes.

Primer
Name Sequence Reference

Annealing
temp (�C)

b-Actin F-CGCGCAGGAGATGGGAACC
R- CAACGGAAACGCTCATTGC

Keegan et al.[23] 59.7

CYP1A F-CATATCGTAGTATCCGTGGCTAAC
R- CCCGAACTCATCGCTCATATT

Voelker et al.[24] 55

Aro B F-AAGAGTTACTAATAAAGATCCACCGGTAT
R- TCCACAAGCTTTCCCATTTCA

Sawyer et al.[25] 58

HSP-70 F- GCACAAGAAGGACATCAGTCAGA
R-CGATGCCCTCGTACAGAGAGT

Kreiling et al.[26] 54

Figure 1. Relative expression levels of CYP1A (a) Aro B (b) HSP-70 (c)genes in
zebrafish embryos exposed to 100 mg/L BPA for 48 and 72 hpf. The results are
expressed as normalized fold expression levels with respect to the b-actin levels in
the same sample. Different letters show significantly different means (P < 0.05).
All values are means § SD (n D 5).
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exposure, before and after UV-C direct photolysis treatment
on CYP1A, Aro B and HSP-70 mRNA levels after 72 hpf in
zebrafish embryos.

CYP1A transcript
Consistent with the results obtained in the first experiment,
exposure of zebrafish embryos at 72 hpf to increasing con-
centrations of BPA (50, 100, 150, 200 and 250 mg/L) was
without a significant effect on CYP1A mRNA level (Fig. 2).
Parallel treatment of the embryos with the same concentra-
tions of BPA after UV-C direct photolysis treatment was
also without significant effect between treatment groups on
CYP1A mRNA levels in 72 hpf zebrafish embryos (Fig. 2).
While no changes were observed, using multiple compari-
son of the means, further statistical analysis by two-way
ANOVA revealed significant effect of UV treatment (P D
0.0006), while no significant interaction and effect of dose
was found between the two (untreated and treated BPA)
groups.

Aro B transcript
Exposure of zebrafish embryos at 72 hpf to increasing concen-
trations of BPA (50, 100, 150, 200 and 250 mg/L) resulted in
significant induction (P D 0.048) of Aro B at 100 mg/L (Fig. 3).
The observed effect of BPA was biphasic, since doses greater
than 100 mg/L did not alter the Aro B transcript level (Fig. 3).

Exposure of zebrafish embryos with UV-C direct photolysis
treated BPA did not change Aro B transcript level at any of the
concentrations tested, indicating photolytic deactivation of
BPA (Fig. 3). Two way ANOVA also revealed significant effect
of UV-C direct photolysis treatment on BPA-induced Aro B
expression (P D 0.03) response.

HSP-70 transcript
Similar to Aro B, exposure of zebrafish embryos at 72 hpf to
increasing concentrations of BPA (50, 100, 150, 200 and
250 mg/L) resulted in significant induction (P D 0.0031) of
HSP-70 transcript level (Fig. 4). The observed effect of BPA on
HSP-70 was complex since significant increase in transcript

Figure 2. Relative expression levels of CYP1A gene in zebrafish embryos showing
control (No BPA) and various concentrations of BPA exposed to zebrafish embryos
till 72 hpf (a) CYP1A mRNA levels after BPA exposure, (b) CYP1A mRNA levels after
UV treated BPA exposure. The results are expressed as normalized fold expression
levels with respect to the b-actin levels in the same sample. Different letters show
significantly different means (P < 0.05). All values are means § SD (n D 5).

Figure 3. Relative expression levels of Aro B gene in zebrafish showing control (No
BPA) and various concentrations of BPA exposed to zebra fish embryos till 72 hpf
(a) Aro B mRNA levels after BPA exposure, (b) Aro B mRNA levels after UV treated
BPA exposure.The results are expressed as normalized gene expression levels with
respect to the b-actin levels in the same sample. Different letters show significantly
different means (P < 0.05). All values are means § SD (n D 5).
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level was observed following treatment with 100 and 200 mg/L
of BPA, but not 150 mg/L. Otherwise similar biphasic effect
was observed with no significant response at the lowest and
highest doses of BPA test (Fig. 4).

As seen in Aro B, exposure of zebrafish embryos with UV-C
direct photolysis treated BPA did not change HSP-70 transcript
level at any of the concentrations tested, verifying our observa-
tion regarding photolytic deactivation of BPA (Fig. 4).

Discussion

The results presented in this study demonstrate that BPA expo-
sure interferes with the normal expression of Aro B and HSP-
70 genes in zebrafish embryos at 72 hpf. The results are consis-
tent with the view that BPA exerts health disruptive effects dur-
ing the embryonic development in fish and other vertebrates.
The observed effects of BPA on Aro B expression are consistent
with the reports demonstrating adverse effects of BPA on brain
development and behavioral changes mediated by aromatase in

the developing zebrafish embryos.[18] Aromatase is important
for production of estrogen, which is a key regulator for repro-
duction. In this context, our results are also consistent with pre-
vious studies demonstrating reproductive and behavioral effects
of chronic exposure of fish to BPA.[16,18,28,29] Sex differentiation
in female is dependent on estrogens, which in turn regulate
expression and activity of aromatase via estrogen-response ele-
ments located in the promoter region of the aromatase gene.[30]

Thus, a contaminant with estrogen-like activity can disrupt
normal expression and activity of aromatase, leading to abnor-
mal gonadal development and possible sex reversal as reported
previously.[31–33] Aromatase plays an important regulatory role
in adults and during the embryonic/neonatal periods. The
induction of Aro B upon BPA exposure has also been reported
previously by other investigators.[34]

The superfamily of stress related heat-shock proteins
includes the constitutive (HSC-70) and inducible (HSP-70)
isoforms of heat shock protein 70. These proteins play a role in
protection and promotion of the recovery of cells from physio-
logical, pathological, thermal and chemical stress. In the pres-
ent study, exposure to BPA was found to increase mRNA level
for HSP-70 after 72 hpf in zebrafish embryos. Various studies
have validated the use of the HSP-70 response as an indicator
of stress in fish.[20] The present results of HSP-70 gene induc-
tion following exposure to BPA are consistent with previously
reported findings.[35,36]

Following time-related study of BPA on CYP1A, Aro B and
HSP-70 transcript levels, we investigated dose-related effects of
BPA on the expression of the same genes in zebrafish embryos
at 72 hpf. The results provide support for the hypothesis that
exposure to BPA alter expression of genes coding for proteins
involved in estrogen-mediated (Aro B) and stress (HSP-70)
pathways in the developing zebrafish embryos. The results
from dose-related BPA-induced response indicate a complex
pattern of activity. There is evidence for non-monotonic dose-
response relationships for BPA, ranging from simple biphasic
to more complex response, depending on the end-point investi-
gated (Aro B or HSP-70). This is consistent with a recent study
demonstrating non-monotonic effects of BPA in rats.[37] The
observed non-monotonic effect of BPA is not surprising, since
environmental contaminants do not display the same level of
specificity as natural hormones. At higher concentrations, con-
taminants display an overlap of specificity with different recep-
tor systems, which can result in a complex pattern of
physiological or pathological response.

This study was designed in an effort to identify potential
biomarkers for testing the efficacy of UV based oxidative
processes to convert BPA into inactive by-products to develop
an effective remediation procedure. We used dose-related
effects of BPA on Aro B and HSP-70 genes as a basis to test bio-
logical response to intact and UV based oxidation byproduct of
BPA in developing zebrafish embryos. The observed effect of
BPA on Cyp1A, however, was not robust enough for testing
the efficacy of UV based advanced oxidation treatment in the
present study. However, induction of xenobiotic metabolism by
CYPs in fish is well established as a useful tool for ecotoxicolog-
ical assays.[34] Cyp1A and related gene products are involved in
the detoxification of pollutants through the aryl hydrocarbon
receptor (AhR) mediated pathways during phase I metabolism

Figure 4. Relative expression of HSP-70 gene in zebrafish showing control (No
BPA) and various concentration of BPA exposed to zebrafish embryos till 72 hpf
(a) HSP mRNA levels after BPA exposure, (b) HSP mRNA levels after UV treated
BPA exposure.The results are expressed as normalized gene expression levels with
respect to the b-actin levels in the same sample. Different letters show significantly
different means (P < 0.05). All values are means § SD (n D 5).
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of contaminants.[38] However, the observed CP1A response fol-
lowing treatment with BPA was not very clear in the present
study. Since the exposure to contaminants that have strong
affinity for AhR can cause rapid induction of CYP1A mRNA in
fish, making it an ideal biomarker of exposure to certain classes
of pollutants.[39] Our results suggest that BPA may be a rela-
tively weak AhR ligand in developing zebrafish embryos. In
adult organisms, BPA is known to affect components involved
in the maintenance of the redox status by downregulating the
expression of antioxidant genes.[40]

The results support the view that UV based advanced oxida-
tion processes can effectively convert BPA into inactive by-
products. UV treatment of BPA resulted in a reduction in tox-
icity by reducing mortality of zebrafish embryos. More studies
will be necessary to identify and test the effects of by-products
to help with development of effective remediation procedure.
The possible degradation mechanism involves attack of the
hydroxyl radical produced during the UV photolysis to the
benzene ring (hydroxylation), which was then followed by the
dissociation of the C��C bond in BPA. The main BPA degrada-
tion intermediates were identified to be hydroxylated BPA and
hydroquinone.[22]

It should be noted that BPA is not simply an estrogen
mimic, and can disrupt physiological functions by altering mul-
tiple pathways, including the endocrine and metabolic sys-
tems.[29] This implies the need for further investigations of
biological effects at lower BPA concentrations close to environ-
mental levels while reconsidering the total allowable concentra-
tions and finally its remediation strategies. Therefore, in this
study, changes in biological activity of BPA as a function of UV
treatment were evaluated using transcript analysis by QPCR
which is a very sensitive quantitative method. UV as an oxida-
tion process was applied to degrade BPA, and the decay of the
parent compound along with the formation of degradation
products was monitored using HPLC analysis. Bioanalytical
assessments of residual biological activity in treated water have
been used previously to evaluate the performance of the UV
based advanced oxidation process for estrogenic contaminants
like BPA in water.[41,42] In a study, phenol, 1,4-dihydroxylben-
zene and 1,4-benzoquinone were identified by means of HPLC
as intermediate products of the photodegradation of bisphenol
A and the disappearance of its estrogenic activity during irradi-
ation of 120 min was reported by Neamtu and Frimmel.[11]

The present study applied UV-C exposure in mercury lamp for
90 min and HPLC analysis showed complete mineralization of
BPA, causing deactivation of the biological response as shown
in BPA-induced Aro B and HSP-70 transcript levels following
UV treatment (Figs. 2, 3 and 4). The effectiveness of UV treat-
ment in combination of TiO2 and other AOPs has been dem-
onstrated previously,[43,44] and some oxidation products
generated from incomplete degradation showed potential to
increase the estrogenic activity. Feasible applications of treat-
ment technologies are based on complete mineralization of
parents and their intermediate compounds without secondary
pollution and low operating costs.[45] The present study for
BPA degradation, points toward direct UV photolysis as an
economical and efficient treatment option that can be tested
further for biological effects of individual byproducts formed
during degradation of the parent compound. Furthermore,

understanding the oxidation processes of BPA with respect to
its biological assessment for residual biological activity can add
to our fundamental knowledge for clarifying the effects of BPA
in the aquatic environment and to come across effective treat-
ment endpoints.

Conclusion

Through this study, we were able to recognize and validate
genes sensitive to BPA exposure and degradation during early
life periods of zebrafish. These genes may serve as biomarkers
or targets for more focused investigations and to determine the
effects of other typical compounds and treatment processes for
their remediation. The results demonstrate that the induction
of Aro B and HSP-70 transcripts may be used to assess the
effects of BPA exposure in developing zebrafish embryos. Fur-
thermore, the results suggest that UV photolysis is a cost effec-
tive option for BPA degradation in aqueous solutions. This
treatment process need to be tested further for the biological
activity of the byproducts formed during UV photolysis of par-
ent compound. Further study may be helpful in finding effec-
tive and economical treatment for other chemicals to remediate
the aquatic environment.
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