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Abstract. The ability of African sharptooth catfish (Clarias gariepinus) in inducing cytochrome P-450 class
1A (CYPI1A) and glutathione S-transferase (GST) biomarkers was determined in liver and gill filaments
after 4 days of waterborne exposure to the polycyclic aromatic hydrocarbon, benzo[a]pyrene (B[a]P). Male
(n=16) and female (n = 6) fish were exposed to B[a]P added to the water (30 pg/l) corresponding to 5 mg/kg
total body weight. Five female and six male fish, exposed to acetone alone added to the water served as
controls. The 7-ethoxyresurufin-O-deethylase (EROD) activity was measured in hepatic microsomes and
gill filaments. In addition, GST activity was determined in the hepatic cytosolic fraction and fluorescent
aromatic compounds (FACs) in bile and biliverdin. Benzo[a]pyrene strongly induced EROD activities in
gill filaments of both sex. Levels of FACs per ml of bile were 17-fold higher in exposed fish compared to the
controls. Correlations between induction of EROD activities in gill filaments and liver and between
induction of EROD activities in gill filaments and levels of biliary FACs metabolites were strong. GST
activities in the hepatic cytosolic fraction were similar amongst the treated and control groups. This is the
first report on studies determining EROD activities in gill filaments and hepatic tissue, FACs in bile and
GST in hepatic tissues of C. gariepinus after waterborne exposure to B[a]P. The findings suggest that the gill
filament-based EROD assay in C. gariepinus can be used to monitor the pollution of AhR agonists in
aquatic ecosystems in eastern and southern African countries.
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Introduction

Induction of CYPIA in fish has been widely used
as a sensitive and convenient early warning signal
of exposure to aryl hydrocarbon (AhR) agonists
such as polychlorinated biphenyls, dioxins, furans,
organochlorine pesticides and polycyclic aromatic
hydrocarbons (PAHs) (Payne et al., 1987; Gok-
soyr and Forlin, 1992; Beyer et al., 1996; Jonsson,
2003). A frequently used method for analysis of
CYPI1A induction is measuring the catalysed O-
deecthylation of ethoxyresorufin (EROD), which is
used as a substrate. In fish, EROD induction is
usually determined in hepatic microsomes. Pollu-
tants absorbed via the gills may be metabolised
before reaching the liver, thus hepatic EROD
activity may not be the most sensitive organ to
reflect the presence of CYPIA inducing agents in
water. As in many other organs, CYPIA is also
induced in fish gills following exposure to PAHs,
and a sensitive method to determine EROD
activities in gill filaments has recently been de-
scribed by Jonsson et al. (2002). The assay is
handy, robust and relatively cheap. Whereas he-
patic EROD assay requires several steps of tissue
preparation, this method utilises intact tissue. In
addition to saving time, this method does not re-
quire expensive equipments such as ultra centri-
fuges and ultra deep freezers. Thus, this method
constitutes a new measure to reveal waterborne
CYPI1A inducers and has proven to be a useful
biomarker in several cold-water species, but is
virtually unproven in tropical species. Clarias
gariepinus, a bottom feeder, fresh water fish native
to Africa, is highly tolerant to extreme climatic
conditions. This fish species is widely distributed in
many eastern and southern African countries.
Although some studies related to environmental
pollution have been conducted in C. gariepinus
(Timmers et al., 1988; Theron et al., 1991; Lien
et al., 1997; Nguyen et al., 1999; Datta and Ka-
viraj, 2003; Mbongwe et al., 2003; Viljoen et al.,
2003), limited information on the potential use of
this fish species in environmental pollution moni-
toring programmes is available.

To date, little or no information is available on
the occurrence and sources of PAHs in African
countries. Overall levels of PAHs are in general
well below levels found in urbanised and indus-
trialised locations around the world (Jaward et al.,

2004). However, sediments and effluents from local
point sources have shown to be highly contami-
nated with PAHs and other potent inducers of
CYPIA (Gadagbui and Gokseyr, 1996; Olajire
et al., 2005).

Another biomarker for exposure to PAHs is
measurement of biliary fluorescent aromatic
compounds (FACs). A strong correlation between
fish exposure to PAHs and biliary FACs has been
demonstrated in previous studies (Krahn et al.,
1986; Collier and Varanasi, 1991; Beyer et al.,
1996, 1997). Such studies used a HPLC method
with fluorescence detection (HPLC/F) that was
developed by Krahn et al. (1980) as a rapid
screening method for estimating relative amount
of biliary PAH metabolites in fish without com-
plete separation or identification of individual
metabolites.

Metabolised PAHs such as B[a]P are one of the
examples of biotransformed electrophilic xenobi-
otics. A common mechanism for protection of an
individual against biotransformed electrophilic xe-
nobiotics is conjugation with glutathione (GSH) in
phase II detoxification reactions, (Mitchell et al.,
2000). Although the induction of enzymes such as
glutathione S-transferases (GSTs) which are in-
volved in phase II detoxification reactions have been
found to be inconsistent in different fish species, yet
the determination of GSTs activities is often con-
sidered as a potential auxiliary biomarker for
exposure of fish to organic compounds (Gallagher
et al., 2001). However, there is limited information
regarding the induction of GSTs in C. gariepinus
following waterborne exposure to PAHs.

The main objective of this study was to evaluate
the gill filament EROD assay under tropical cli-
matic conditions using C. gariepinus as the model
species, and comparing CYP1A induction in liver
and gills following waterborne exposure to B[a]P.
Furthermore, accumulation of FACs metabolites
in bile and GST enzyme activities in hepatic
cytosolic fractions were measured.

Materials and methods

Chemicals

7-ethoxyresorufin, resorufin, NADPH, glutathione
(GSH), 1-chloro-2,4-dinitrobenzene (CDNB) and
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bovine serum albumin were obtained from Sig-
ma — Aldrich (St Louis, Mo, USA). A protein
determination kit was obtained from Bio-Rad
Laboratories GmbH (Munchen, Germany) and
B[a]P from Birkenhead, Merseyside, UK. All other
chemicals and solvents used were of analytical
grade.

Fish

Female (n=11) and male (n=12) African sharp-
tooth catfish (C. gariepinus) with mean body
weight of 340+90 and 450+130 g, respectively,
were used in the experiment. Fish were caught at
local dams and acclimatised for 2 weeks in a large
tank before they were transferred to smaller glass
tanks (120-140 1). The water was aerated with air
pumps and the photoperiod was set at 12 h light
and 12 h dark cycle. Water temperature was
19.5£0.1 °C with 7 mg/l dissolved oxygen. The
pH ranged from 7.7 to 7.9 and no ammonia and
nitrate build-up was detected. The fish were not
fed during the acclimatisation and challenge peri-
ods.

Treatment

Male (n=6) and female (n=06) fish were exposed
to B[a]P, dissolved in acetone before being added
to the water, at a dose of 30 ug/l corresponding to
5 mg/kg total body weight. Five female and six
male fish were used as controls and were exposed
only to acetone added to the water. Following the
exposure period of 4 days the fish were sacrificed
by decapitation and pithing. The gills were re-
moved and used for analysis of CYPIA enzyme
activities. The liver samples were collected and
stored in liquid nitrogen for analysis of CYPIA
and GST enzyme activities.

Preparation and incubation of microsomes

Liver microsomal fractions were prepared and
EROD activities determined according to the
methods described by Beyer et al. (1996). Briefly,
individual liver samples were weighed and ho-
mogenised in 0.1 M Na-phosphate buffer con-
taining 0.15 M KCI (pH 8.0) in a volume four
times the liver weight using a Potter-Elvehjem
glass — Teflon homogeniser and centrifuged at

12,000xg for 20 min at 4 °C. The supernatant
(S12 fraction) was ultracentrifuged at 100,000xg
for 60 min at 4 °C. The microsome pellet was
resuspended and homogenised in 0.1 M Na-
phosphate buffer (pH 7.4) containing 1 mM
EDTA, 1 mM dithiothreitol and 20% glycerol.
Microsomal and cytosolic fractions were stored at
—80 °C until use. The protein content was deter-
mined by the method described by Bradford
(1976), using lyophilised bovine serum albumin as
standard.

The total incubation volume for sample micro-
somes was 1500 pl and it included 5 ul of 0.5 mM
ethoxyresorufin, 40 ul of 10 mM NADPH, 20 wl
sample microsomal fraction and 1435 pl of 0.1 M
phosphate buffer (pH 7.4). The blank consisted of
Sul of 0.5 ethoxy-resorufin, 40 pl of 10 mM
NADPH and 1455 ul of 0.1 M phosphate buffer
pH 7.4. The reaction started by adding the cofac-
tor (NADPH) and after 30 min the reaction was
stopped by adding 1.5 ml ice-cold methanol. After
stopping the reaction, tubes were centrifuged at
3100xg for 30 min and the supernatant trans-
ferred to the HPLC vials for further analysis as
described below.

Preparation and incubation of gill filaments

Gill filaments were prepared and EROD activities
were determined according to the methods de-
scribed by McCormick and Bern (1989) and
Jonsson (2003). The gill arches were excised and
placed in ice-cold HEPES-Cortland (HC) buffer
(pH 7.4). While immersed in HC buffer, the tips of
the filaments were immediately cut into pieces of
approximately 2 mm long. From each fish, 10 gill
filament tips of 2 mm long were carefully selected
and transferred with a Pasteur pipette to wells on a
12 well tissue culture plate containing HC buffer.
There were two replicates for each incubation
time. The HC buffer was replaced with 0.5 ml of
reaction buffer (HC buffer supplemented with
107 M ethoxy-resorufin and 10> M dicoumarol).
Following 2 min of pre-incubation at room tem-
perature, the buffer was replaced with 0.7 ml of
fresh reaction buffer. After 10, 30 and 60 min,
0.2 ml aliquots were transferred from each well to
a HPLC vial. The EROD activity was determined
and expressed as picomoles of resorufin per minute
per filament tip.
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EROD analysis

The dealkylation of 7-ethoxyresorufin is usually
monitored directly either with spectrophotometric
or fluorometric assays. Different protein concen-
trations in the assay mixture is, however, a prob-
lem in terms of quenching of the signal. The degree
of quenching is corrected for by adding a known
amount of resorufin. This method avoids the
problem by precipitating protein by adding
methanol to the incubation mixture. Following
centrifugation, the supernatant is transferred to
HPLC vials.

Resorufin was identified and the concentration
calculated by comparison to retention times and
response of known standards using a HPLC
equipped with a Perkin Elmer LS 4 fluorescence
detector at an excitation wavelength of 535 nm
and an emission wavelength of 585 nm. For
analysis 5 pl aliquots of the centrifuged incubation
mixtures or the reaction buffer were injected onto
a Symmetry C18, 150 x 3.9 mm i.d., 5 um, col-
umn (Waters, Milford USA), with a guard column
packed with the same material. Resorufin was
eluted at a flow rate of 1 ml/min with a mobile
phase containing 60% acetonitrile:40% Na-phos-
phate buffer (0.1 M; pH 7.4). The linearity of
resorufin standards ranged from 0.02 to 4.4 pmol
and the limit of quantification was 0.005 pmol
resorufin.

HPLC analysis of water and bile samples for B[a]P
and FACs

Aliquots of 5 pl bile samples were diluted 1:2000
with acetonitrile:water (90:10) and analysed by
HPLC with fluorescence detector according to
Krahn et al. (1987). Water samples that were col-
lected daily (Table 1) were analysed according to
Clements et al. (1994). Thirty millilitres of water
was extracted with bonded reverse-phase car-
tridges (Varian Bond Elut LRC™-CI18). Car-

Table 1. Mean concentrations (ng/l) of BaP in water during
exposure of C. gariepinus

Day n Mean SEM
1 4 252 244
2 2 85 48
3 4 117 85

tridges were air-dried and B[a]P was eluted with
10 ml of ethyl acetate. The eluate was evaporated
under nitrogen and the residue dissolved in 200 pl
acetonitrile:water (9:1) prior to HPLC analysis.
Concentrations of B[a]P-type fluorescent com-
pounds (FACs) in water and bile samples were
determined. Twenty microlitres of sample or
standard was cluted at a flow rate of 1.5 ml/min
with a mobile phase containing 90% acetonitrile
and 10% water. The areas of fluorescent peaks at
excitation/emission 380/430 nm were summed and
converted to B[a]P equivalents, based on areas of
known B[a]P standards.

Biliverdin content of bile was estimated by the
method of Grossbard et al. (1987), which involves
measuring the absorbance of a biological fluid at
660 nm and determining the concentration of bil-
iverdin based on its extinction coefficient of
10,800/mM /cm.

Determination of GST

The hepatic GST activity was measured spectro-
photometrically (Beckman UV-visible Spectro-
photometer) in cytosolic fractions according to
Habig et al. (1974) using CDNB and GSH at pH
of 7.4. The assay was performed by transferring a
3 ml reaction mixture that contained 2 ml of
0.8 mM CDNB dissolved in 0.1 M Na-phosphate
buffer (pH 7.4), 990 Wl GSH and 10 pl of sample
into a 3 ml cuvette. Increases in absorbance at
340 nm were recorded for 40 s at intervals of 10 s.
The GST activities were quantified using an
extinction coefficient for glutathione of 9.6/mM/
cm.

Statistical methods

Data were analysed using the JMP® Software for
Statistical Visualisation (SAS Institute Inc.). Two
factor ANOVA was used to determine differences
between groups with treatment as a variable and
enzyme activity as a response at critical probability
of p<0.05. In cases where a significant difference
was indicated, Dunnett’s test for multiple com-
parisons of means was used to test for differences
between exposed and control groups. Spearman’s
Rank Correlation was used to test the direction
and strength of the relationship between induction
of EROD activities in gills and liver as well as
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FACs metabolites in the bile of fish from different
groups.

Results

The mean measured concentration of BaP in water
in the exposure tanks was 252 ng/l at the start of
the experiment and dropped to 117 ng/l at the end
of the experiment (Table 1). The time course of
resorufin formation in primary gill filaments of
non-induced and B[a]P induced fish was linear
(Fig. 1).

After waterborne exposure of C. gariepinus to
B[a]P for 4 days, gill filaments demonstrated in-
creased EROD activities upon treatment. Eleven
and 17-fold increase in gill filament EROD activ-
ities were observed in exposed females and males
compared to the corresponding unexposed females
and males, respectively (Fig. 2). The mean CYPIA
enzyme activities per minute per gill filament tip
for treated females and males, and control females
and males were 0.17+0.03, 0.24 +0.03, 0.01 £0.01
and 0.02+0.001 pmol/filament tip/min, respec-
tively. Gill filament EROD activities were statis-
tically significant between control and exposed
groups (p=0.00005), but not between unexposed
males and females and exposed males and females.
Correlations between EROD activities in gill fila-
ments (at 30 min of gill incubations) and liver
(Rs=0.57, p=0.004) and between EROD activi-
ties in gill filaments (at 30 min of gill incubations)
and levels of biliary FACs metabolites (Rs=0.76,
p=0.001) were strong. However, the correlation
between EROD activities in liver and FACs
metabolites in bile was weak (Rs=0.2, p=0.49).

After waterborne exposure of C. gariepinus to
B[a]P for 4 days, liver tissues demonstrated in-
creased mean measured EROD activities upon
treatment (Fig. 3). Approximately 2-fold induc-
tion of hepatic EROD activities was observed in
the exposed groups compared to the control
groups. The mean hepatic EROD activity in
unexposed females and males and in exposed fe-
males and males were 3.36+0.49, 3.36+0.57,
5.08+1.02 and 5.32+1.22 pmol/min/mg protein,
respectively. However, no significant difference
(p=0.29) was observed between groups.

A 2-fold induction of GST was observed in
hepatic cytosolic fractions in exposed females
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Figure 1. Time course of resorufin formation in primary gill
filaments of non-induced and B[a]P-induced sharptooth cat-
fish (C. gariepinus). The fish received B[a]P dissolved in ace-
tone and added in the water (30 pg/l) or acetone only. The
results are given as mean+SE (n=35 or 6). & Unexposed
females; B: exposed females; & exposed males.

compared to the controls, but GST activity in
exposed male fish was only slightly elevated
(Fig. 4).

The HPLC/F analysis revealed several uniden-
tified peaks with fluorescence at excitation/emis-
sion 380/430 even from the start of the experiment
(Fig. 5). The levels of FACs per ml bile were about
17-fold higher in treated females and males com-
pared to control females. The mean levels of FACs
for exposed females and males and control females
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Figure 2. Induction of CYPIA enzyme activities in gill fila-
ments of sharptooth catfish (C. gariepinus) after 4 days of
waterborne exposure to B[a]P (30 pg/l). The results are given
as mean+SE (n=5 or 6).8: Unexposed females; 8: unex-
posed males; B: exposed females; & exposed males. Groups
not connected by same letters are significantly different
(Tukey—Kramer HSD).
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Figure 3. Induction of hepatic CYP1A enzyme activities in sharptooth catfish (C. gariepinus) after 4 days of waterborne exposure
to B[a]P (30 pg/l). The results are given as mean=+SE (n=35 or 6). &: Unexposed females; &: unexposed males; &: exposed females;
& exposed males. Groups not connected by same letters are significantly different (Tukey—Kramer HSD).

and males were 7.1£0.8, 6.2+1.3, 0.4+0.1 and
0.41£0.1 ug B[a]P equivalents/ml bile, respec-
tively (Fig. 6). Means of FACs were significantly
different between the exposed female and male fish
compared to female and male fish in the control
groups (p=0.0002). Only trace amounts of the
parent B[a]P were detected in the bile of exposed
fish. When the levels of FACs were calculated per
mg biliverdin, the same substantial increase was
seen in the exposed fish compared to the controls.
The mean levels of biliverdin for treated females
and males, and control females and males were
1.5£0.4, 1.4+0.6, 1.3+0.4 and 1.3+0.5 pg B[a]P
equivalents/mg biliverdin, respectively.
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Figure 4. Induction of hepatic GST enzyme activities in
sharptooth catfish (C. gariepinus) after 4 days of waterborne
exposure to B[a]P (30 pg/l). The results are given as
mean+ SE (=35 or 6). B: Unexposed females; 8: unexposed
males; B: exposed females; #: exposed males. Groups not
connected by same letters are significantly different (Tukey—
Kramer HSD).

Discussion

Findings from this study indicate increased
induction of EROD activities in the gills than in
the liver following exposure to waterborne B[a]P,
suggesting that the absorbed compound was lar-
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Figure 5. HPLC fluorescence (HPLC/F) chromatogram of a
B[a]P standard, a water sample (W) from the exposure tank
and bile samples from unexposed (CB) and exposed (EB) fish
after 4 days of waterborne exposure to B[a]P. Exitation/emis-
sion was monitored at 380/430 nm.
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Figure 6. Concentrations of B[a]P-type fluorescent com-
pounds in bile of sharptooth catfish (C. gariepinus) after
4 days of waterborne exposure to B[a]P (30 pg/l). The results
are given as mean+SE (n=5 or 6). §: Unexposed females; &:
unexposed males; B: exposed females;, # exposed males.
Groups not connected by same letters are significantly differ-
ent (Tukey—Kramer HSD).

gely metabolised in the gills and therefore only a
small fraction of unmetabolised B[a]P was reach-
ing the liver. This is ascribed to the efficiency of
gills in metabolising waterborne organic pollutants
and similar findings were reported in previous
studies (Levine and Oris, 1999; Jénsson, 2003).
According to Carlsson et al. (1999) and Levine
and Oris (1999), even a relatively low metabolic
capacity in the gills can contribute significantly to
prevent accumulation of environmental pollutants
in organs such as the liver. The gills thus fulfil a
vital role in the overall protection against harmful
substances by lowering the total uptake.

The basal gill EROD activities observed in
C. gariepinus were in the same range as previ-
ously reported in several cold-water species
(Jonsson et al., 2002). The induced EROD
activity in gills of C. gariepinus was similar to the
response observed in rainbow trout and more
than five times higher than levels recorded in
Atlantic salmon, Arctic charr, cod and saithe
(Jonsson et al., 2003).

The present study shows that the EROD gill
filament assay previously developed in rainbow
trout (Jonsson et al., 2002) is applicable to tropical
fish species such as C. gariepinus. The clear EROD
induction by B[a]P implies that this fish species can
be used to monitor waterborne AhR agonists in
the environment.

A relatively higher induction of EROD activ-
ities was observed in males compared to the fe-
males (Figs. 2 and 3). Since, mature fish were
used in this study, the minor sex differences ob-
served in the induction of CYP1A activities could
be attributed to higher concentrations of oestro-
gens in females. Whereas exposure with the oes-
trogen 17f-oestradiol reduced the total P450
content, some degree of induction of this enzyme
was also noticed following exposure to andro-
gens, (Kloepper-Sams and Benton, 1994; Kos-
mala et al., 1998).

Similar to gill filament EROD activity, levels of
FACs showed a significant increase after exposure
to waterborne B[a]P. The levels of FACs in bile
showed a similar response when measured as B[a]P
equivalents/ml bile or as B[a]P equivalents/mg
biliverdin. Biliverdin is used to measure relative
bile concentrations. In starving fish, bile is retained
in the gall bladder whereas both water and small
ions are actively transported through the gall
bladder epithelium, thus concentrating biliary
components (Klaassen and Watkins, 1984). Bili-
verdin levels observed in C. gariepinus, which had
been starved for 2 weeks before the experiment,
were similar to levels found in English sole after
28 days of starvation in captivity (Collier and
Varanasi, 1991).

In this study, GST activities towards CDNB in
C. gariepinus were not affected following water-
borne exposure to B[a]P (Fig. 4). Whereas some
investigators detected significant induction in
their studies (Andersson et al., 1985; Leaver
et al., 1992), others did not (Collier and Varanasi,
1991; Sturm et al., 1999). The GST activity to-
wards CDNB is considered as an integration of
overall GST activity. With a few exceptions, all
isoforms conjugate CDNB. In mammals, more
class-specific substrates exist, but only a few
specific substrates for single isoforms have been
described (Hayes and Pulford, 1995). As the
individual subunits of the dimeric isoforms pos-
sess independent activities, and since no truly
specific model substrate exist, activity measure-
ments do not provide information on the subunit
composition. Thus the results based on this assay
are very hard to interpret in fish and this may
explain the confusing results obtained by different
researchers with respect to PAH-mediated GST
induction.



58 Mdegela et al.

In conclusion, this study shows that CYPIA
inducing compounds like B[a]P can be monitored
by the gill filament EROD assay under tropical
conditions using C. gariepinus. Thus, the gill fila-
ment EROD assay has proven to be a robust,
straightforward and sensitive method for deter-
mination of basal and induced EROD activities.
Furthermore, this method is a relatively low cost
and time saving compared to traditional micro-
some-based techniques. This makes it a most
suitable biomarker in programs designed to mon-
itor PAH type pollution in aquatic systems par-
ticularly in countries where advanced laboratory
facilities are not always available. It is therefore
proposed to utilise CYP1A induction in gills of C.
gariepinus as well as accumulation of biliary FACs
as biomarkers in future studies planned to monitor
exposure to PAHs in aquatic ecosystems in eastern
and southern Africa.
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