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Abstract

Mixed-function oxidase enzymes metabolize most xenobiotic agents. Western
blotting was used to investigate the effect of Schistosoma mansoni infection on the
expression of various cytochrome P450 (CYP) isozymes and specific enzyme
assays to study related metabolic functions in mouse liver microsomes. Male BK-
TO mice were infected with 200 cercariae per mouse and their livers were assayed
at 6, 15, 30 and 45 days post-infection (p.i.) and compared with appropriately
matched controls. The expression of each of the CYP isozymes (1A1, 2B1/2, 2C6,
and 4A) was either unaffected or transiently increased up to 30 days post-infection.
By 45 days, a significant loss of signal was observed, particularly for CYP 1A1 and
2B1/2 where no signal could be detected. Evidence supporting these findings was
obtained from enzyme assays specific for particular CYP isozymes. The activity of
ethoxyresorufin O-deethylase (CYP 1A1) was reduced by 97% and that of
pentoxyresorufin O-depentylase (CYP 2B1/2) by 96% at 45 days p.i. Similarly, the
activity of ethoxycoumarin hydroxylase was progressively reduced over the
period under study. It is believed that N-nitrosamines are activated principally by
N-nitrosodimethylamine N-demethylase I which was significantly increased at
both 30 and 45 days p.i. To further investigate metabolic competency following S.
mansoni infection, the in vitro binding of benzo(a)pyrene metabolites to DNA was
measured, using isolated liver microsomes to activate benzo(a)pyrene. Benzo(a)-
pyrene-DNA adduct formation was markedly increased at 6, 15 and 30 days with a
maximum at 15 days, but decreased at 45 days p.i. It was concluded that S. mansoni
infection changes the expression of different CYP isozymes and also the activity of
phase I drug-metabolizing enzymes at different periods of infection and may thus
change the liver's capacity to activate or detoxify many endogenous and
exogenous compounds. Such alterations may also change the therapeutic actions
of drugs that are primarily metabolized by the P450 system, when administered to
patients with schistosomiasis.
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Introduction

Schistosomiasis is a widespread endemic parasitic
disease affecting agricultural communities in 75 sub-
tropical and tropical countries (WHO, 1985) with
estimates of more than 200 million people infected and
at least 500 million at the risk of infection (WHO, 1986).
In Egypt, schistosomiasis heads the list of endemic
parasitic diseases with regard to prevalence and intensity
of infection; 60% of the Egyptian population is exposed
to the risk of the disease and many health problems are
associated with schistosomiasis, including weakness,
diarrhoea, loss of weight, difficulty in urination, hepato-
splenomegaly and carcinoma of the intestine, bladder
and liver (Hashem & Boutros, 1961; Cheever, 1978;
Delmas et al., 1986; Al-Shukri et al., 1987).

The hepatic cytochrome P450s (CYP) are a multigene
family of enzymes that play a critical role in the
metabolism of many drugs and xenobiotics with each
CYP isozyme responding differently to exogenous
chemicals in terms of its induction and inhibition
(Sheweita, 2000). Thus, CYP 1A1 is particularly active
towards polycyclic aromatic hydrocarbons (PAHs), acti-
vating them into reactive intermediates that covalently
bind to DNA, a key event in the initiation of carcinogen-
esis (Jerina et al., 1979; Manchester et al., 1992). Likewise,
CYP 1A2 activates a variety of bladder carcinogens, such
as aromatic amines (Hammons et al., 1985; Butler et al.,
1989). Polycyclic aromatic hydrocarbons are of special
health concern because they are present both in the
environment and in certain occupational situations and
some are believed to cause cancer in humans (Harris et al.,
1985; Everson et al., 1986; Savela & Hemminki, 1991). An
important and extensively studied member of this class
of compound is benzo(a)pyrene (B(a)P), which has been
shown to cause cytotoxic, mutagenic and carcinogenic
effects in tissues from various animal species (Conney,
1982; Ashurst & Cohen, 1981; Gonzalez & Gelboin, 1994;
Lake et al., 1996). It has been reported that the
carcinogenic potency of B(a)P and the extent of binding
of its ultimate metabolites to DNA and protein is
correlated with the induction of aryl hydrocarbon
hydroxylase (AHH) and cytochrome P450 (Conney,
1982; Gooderham & Mannering, 1985).

N-nitrosamines are carcinogenic compounds that occur
widely in the environment and can be formed endogen-
ously from the interaction of ingested nitrate or nitrite
with secondary amines (Lijinsky et al., 1972). Their role as
causative agents in the carcinogenesis of some human
neoplastic diseases has been extensively reviewed (Pre-
ussmann, 1984; Bartsch & Montesano, 1984; Hill et al.,
1988). N-nitrosamines also require metabolic activation in
order to exert their cytotoxic and carcinogenic effects and
there are at least two enzyme species responsible for their
N-demethylation, namely N-nitrosodimethylamine-N-
demethylases I and II (NDMA dI and dII) that can
operate at 4 and 100 mM of NDMA concentration (Arcos
et al., 1977; Mostafa & Sheweita, 1992). Cytochrome P450
2E1 is the main CYP isozyme involved in the N-
demethylation of NDMA and also in the metabolism of
a wide range of small organic molecules such as ethanol,
benzene and carbon tetrachloride (Yoo et al., 1988; Camus
et al., 1993). Following the N-demethylation of NDMA, a

diazonium ion is produced leading ultimately to the
formation of a carbonium ion, which is the metabolite
that methylates DNA and other macromolecules
(Umbenhauer et al., 1985; Cooper et al., 1991).

In mice, Schistosoma mansoni infection results in a
transient increase in the activity of some drug-metaboliz-
ing enzymes during the early stages of infection,
followed by an overall reduction at the later stages (El-
Mouelhi et al., 1987; Sheweita & Mostafa, 1995; Sheweita
et al., 1998). Moreover, marked decreases in total CYP
content and glutathione S-transferase activity have also
been observed in S. mansoni-infected human livers
during the later stages of infection (Habib et al., 1996;
Sheweita et al., 1997). This inhibition of CYP content at
later stages of S. mansoni infection has resulted in the
reduced binding of 2-acetylaminofluorene (2-AAF) and
aflatoxin B1 to mouse liver macromolecules such as DNA
and protein (Hasler et al., 1986; Siwela et al., 1990).

Previous studies have demonstrated the influence of
S. mansoni on the total content of CYP (Sheweita &
Mostafa, 1995; Sheweita et al., 1998). The present study
shows the changes both the cellular levels of the
individual CYP isozymes (1A1, 2C6, 2B1/2, and 4A)
and their associated enzyme activities (ethoxycoumarin
hydroxylase, ethoxyresorufin O-deethylase, and pent-
oxyresorufin O-depentylase) in S. mansoni-infected
mouse liver microsomes.

Materials and methods

Chemicals

Benzo(a)pyrene was obtained from Koch-light labora-
tories, England and all other chemicals from Sigma
(Poole, UK). Anti-cytochrome P450 1A1, 2B1/2 and 4A
Western blotting kits were purchased from Amersham
International, UK. Anti-cytochrome P450 2C6 was kindly
provided by Dr Harry Gelboin, National Cancer Insti-
tute, Maryland, USA

Experimental infection of mice

Male BK-TO mice weighing 20±25 g were infected
with S. mansoni cercariae by direct exposure to 200
cercariae per mouse as described by Smithers & Terry
(1965). Counting of cercariae after infection was per-
formed. The infected mice were killed at 6, 15, 30 and 45
days post-infection (p.i.) and assayed with the corre-
sponding control group. The numbers of mice used at
each time point were six infected and six controls.

Enzyme assays

Mice were killed by cervical dislocation, the liver
dissected and homogenized in three volumes of 0.1 M

potassium phosphate buffer, pH 7.4, and centrifuged at
12,000 g for 20 min at 48C. The supernatant was
centrifuged at 105,000 g for 1 h at 48C to yield a
microsomal pellet which was then resuspended in 0.1 M

potassium phosphate buffer, pH 7.4 (Gelboin, 1980;
Sheweita et al., 1998). Protein concentration was mea-
sured by the method of Lowry et al. (1951), using BSA as
standard.
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Microsomal NDMA-dI activity was determined
according to the method of Venkatesan et al. (1968),
with the modifications of Mostafa & Sheweita (1992).
Substrate concentration was 4 mM NDMA, which repre-
sents the saturation level for NDMA-dI. The amount of
formaldehyde formed was determined by the method of
Nash (1953), with the modification of Mclean & Day
(1974). The enzymatic activity of NDMA-dI was
expressed as nmol of formaldehyde per mg protein per
hour and corrected for inhibition caused at this concen-
tration of NDMA by the inclusion of semicarbazide in the
assay mixture to prevent loss of formaldehyde (Yoo et al.,
1988).

Ethoxycoumarin hydroxylase activity was assayed by
the method of Greenle & Poland (1978). The intensity of
7-hydroxycoumarin fluorescence was measured at exci-
tation and emission wavelengths of 338 and 458 nm,
respectively. Ethoxyresorufin O-deethylase and pentoxy-
resorufin O-depentylase activity were determined by the
methods of Pohl & Fouts (1980) and Burke et al. (1985),
respectively. Product concentration was interpolated
from a standard curve for resorufin.

Western blotting

Ten to thirty micrograms of total microsomal protein
was subjected to SDS-polyacrylamide gel electrophoresis.
Proteins were electroblotted to Hybond-C membrane and
specific CYP isozymes detected using the appropriate
cytochrome P450 ECL Western blotting kit, following the
manufacturer's instructions (Amersham International,
UK). Band density was assessed using a UVP Imagestore
5000 system (Ultraviolet Products Ltd, UK).

Assay of benzo(a)pyrene-DNA adducts

The formation of benzo(a)pyrene-DNA adducts was
carried out as described by Vahakangas et al. (1989) and
Bjelogrlic et al. (1993). DNA-bound benzo(a)pyrene
tetrols and triols were measured using a synchronous
fluorescence spectrophotometer at 344 nm.

Statistical analysis

Each enzyme assay was performed twice and the mean
and standard errors calculated. Data were compared by a

Student's t-test and the level of significance for all
experiments was set at P , 0:05:

Results

All CYP isozymes monitored showed some degree of
reduced expression by 45 days p.i. with S. mansoni (fig. 1).
This was most marked for CYP 1A1 and CYP 2B1/2 (fig.
1A and B, respectively) for both of which no polypeptide
band could be detected. For CYP 2C6 and CYP 4A, band
intensities were reduced by 57% and 32%, respectively,
when compared with non-infected control lanes (fig. 1C
and D).

To confirm the results of the Western blot analyses, a
number of CYP specific enzyme assays were undertaken
using the same liver microsome samples. To test for the
presence of CYP 1A1, liver samples were assayed for
ethoxyresorufin O-deethylase and ethoxycoumarin hydro-
xylase (table 1). For the former, a gradual decrease in
specific activity was observed with increasing times p.i.,
while activity in control samples remained virtually
unchanged (table 1). The virtual ablation of activity at 45
days p.i. correlates well with the Western blot result, where
no band corresponding to the CYP 1A1 polypeptide was
observed. Although not specific to the CYP 1A1 protein,
ethoxycoumarin hydroxylase activity is also a good marker
for this CYP isozyme. Again, activity was reduced in S.
mansoni-infected samples, however, less so than for
ethoxyresorufin O-deethylase, reflecting the multiplicity of
proteins capable of catalysing this enzyme reaction (table 1).

Similarly, the activity of pentoxyresorufin O-depentyl-
ase, associated with CYP 2B1/2, was determined over the
time course of the present study. Although activity was
initially significantly higher than that of controls (table 2),
it was subsequently markedly reduced and almost ablated
at 45 days p.i., again correlating well with the lack of signal
by Western blotting. The activity of NDMA-dI was
measured in S. mansoni-infected and control liver micro-
somes. This activity tends to increase by 15 days p.i. and
reaches a maximum at 45 days p.i. (table 2).

As an alternative measure of CYP 1A1 activity, the in
vitro formation of benzo(a) pyrene-DNA adducts was
determined, using liver microsomal samples to activate
B(a)P. In contrast with the results obtained for ethoxy-
resorufin O-deethylase activity, a transient increase in
adduct formation, peaking at 15 days, was detected
during the early stages of infection. However, liver

Table 1. The effect of Schistosoma mansoni infection on the activities of ethoxyresorufin O-deethylase and ethoxycoumarin O-deethylase
in mouse liver microsomes.

Ethoxyresorufin O-deethylase
(nmole resourfin/mg protein/min)a

Ethoxycoumarin hydroxylase
(n moles hydroxycoumarin/mg protein/min)a

Days post-infection Control Infected Control Infected

6 11.6^0.2 10.6^1.9 (NS)b 0.988^0.014 0.74^0.093 (225%, P,0.05)
15 11.4^1.0 7.5^0.3 (234%, P,0.005) 0.962^0.016 0.766^0.11 (220% P,0.05)
30 11.9^0.8 5.4^0.3 (255%, P,0.001) 0.955^0.019 0.68^0.033 (232%, P,0.001)
45 9.9^0.5 0.3^0.1 (297%, P,0.001) 1.03^0.0065 0.624^0.007 (240% P,0.001)

a Means ^ SE of six mice.
b NS, not significant statistically.
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samples from S. mansoni-infected mice showed a much
reduced capacity to activate B(a)P at 45 days p.i. (table 3).
These differences might well reflect the balance of
induction of enzymes of bioactivation and deactivation.

Discussion

Variations in the activity of CYP isozymes are well
correlated with deleterious effects of chemical carcino-

Fig. 1. Western blot analysis of the influence of Schistosoma mansoni infection
on the expression of cytochrome P450 isozymes. Lanes 1, 3, 5 and 7 are
microsomal protein of matched control groups at 6, 15, 30 and 45 days. Lanes
2, 4, 6 and 8 are microsomal proteins of infected mice at 6, 15, 30 and 45 days
post-infection. A positive control sample was also run (lane 9). (A) CYP 1A1,

(B) CYP 2B1/2, (C) CYP 2C6, (D) CYP 4A.
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gens, such as N-nitrosamines, which are primarily
metabolized in the liver by hepatic microsomal NDMA-
dI (Yang et al., 1990; Yoo et al., 1990). In the present study
changes in the cellular levels of specific cytochrome P450
isozymes following S. mansoni-infection in the mouse
liver are presented for the first time. NDMA-dI activity
was markedly induced in liver microsomes from S.
mansoni-infected mice at relatively late stages of infection
(30 and 45 days). At such times therefore, the deleterious
effects of N-nitrosamines might be increased in the liver,
the primary site of activation, or in other organs such as
the bladder. Supporting this suggestion, it has been
found that inhibition of NDMA-dI was effective in
decreasing the tumourigenicity of N-nitrosamines in
rodents (Wattenberg, 1987; Ishizaki et al., 1990; Morse
et al., 1993). Therefore, the induction of NDMA-dI
activity could lead to an increased production of reactive
alkylating species that could attack DNA and other
macromolecules, either in the liver, or bladder of
S. mansoni-infected animals. In support of this, it has
been found that the level of O6-methyl-deoxyguanosine
detected in the liver DNA of infected mice was directly
proportional to the intensity of S. mansoni infection
(Badawi et al., 1993). Induction of NDMA-dI activity
could be attributed, at least in part, to the stress incurred
as a result of early hepatic inflammation (Thompson et al.,
1982). Alternatively, it may be due to the presence of N-
nitrosamines, which are known to induce total CYP, and
NDMA-dI activity (Sheweita & Mostafa, 1996).

It is known that CYP 1A1 participates in the bio-
activation of PAHs and this CYP isozyme is believed to
play an important role in human carcinogenesis (Guen-
gerich, 1991). The carcinogenic potency of B(a)P and the

extent of binding of its ultimate metabolites to proteins
and DNA in vitro has been correlated with the induction
of AHH activity and CYP 1A1 content (Kim et al., 1992).
CYP 1A1 protein could not be detected at 45 days p.i.
and, at the same time, the activity of ethoxyresorufin O-
deethylase was decreased by 97% relative to control
value (fig. 1A, table 1) at this time. Furthermore, when
B(a)P was activated by liver microsomes from S. mansoni-
infected mice, the total binding of B(a)P metabolites to
DNA also decreased at 45 days p.i. although at the early
stages of infection (up to 30 days), the total binding of
B(a)P metabolites to DNA was significantly increased,
reaching a maximum at 15 days p.i. This agrees with our
previous results where we found that both the total CYP
content and the activity of AHH were induced during the
earlier stages of S. mansoni infection (Sheweita &
Mostafa, 1995; Sheweita et al., 1998). Therefore, the
genotoxic effects resulting from B(a)P metabolism could
increase liver damage at the early stages of infection. In
support of this, it has been found that the incidence of
2-AAF induced liver tumours is significantly higher in
S. japonicum- or S. mansoni-infected mice (Miyasato, 1984;
Kakizoe, 1985). Furthermore, the liver tumours resulting
from schistosome infections were more frequent, devel-
oped earlier and were more advanced than those in non-
infected mice. In addition, the metabolic activation of
carcinogens was enhanced in S. haematobium-infected
hamsters, suggesting that an alteration in host metabol-
ism following schistosome infection might be an impor-
tant factor in carcinogenesis. It is now clear that
schistosomiasis enhances and accelerates the carcino-
genic effects of some pro-carcinogens such as B(a)P and
2-AAF (Miyasato, 1984; Kakizoe, 1985; Ishii et al., 1994).

Humans are exposed to certain coumarins in the diet.
Most coumarin compounds are bio-activated by CYP
1A1 and, to a lesser extent by other CYP isozymes, to
reactive intermediates that subsequently form covalent
linkages with the apoprotein and induce different types
of toxicity and carcinogenicity in both humans and rats
(Lake et al., 1989; Lake, 1999; Zhuo et al., 1999). In the
present study, the activity of ethoxycoumarin hydro-
xylase was found to decrease following S. mansoni
infection, reaching 40% of the control value at 45 days
p.i. (table 3). This correlates well with the decrease in
CYP 1A1 activity observed over the same period (fig.
1A). The expression of other CYP isozymes, including
2C6, 2B1/2 and 4A was also followed, since there is
evidence that these CYP isozymes are also involved in

Table 3. The effect of Schistosoma mansoni infection on the
benzo(a)pyrene-DNA binding capacity of mouse liver
microsomes.

Benzo(a)pyrene-DNA adducts
(RI/100 mg DNA)a

Days post-infection Control Infected

6 4.7^0.69 8.0^0.66 (+70%, P,0.01)
15 4.7^0.69 12.3^1.2 (+161%, P,0.001)
30 4.7^0.69 8.8^0.59 (+87%, P,0.001)
45 4.7^0.69 1.3^0.42 (272%, P,0.005)

a Means^SE of six mice.

Table 2. The effect of Schistosoma mansoni infection on the activities of pentoxyresourfin O-depentylase and NDMA- N-demethylase I in
mouse liver microsomes.

Pentoxyresourfin O-depentylase
(nmole resourfin/mg protein/min)a

NDMA-d I
(nmole HCHO/mg protein/h)a

Days post-infection Control Infected Control Infected

6 4.9^0.9 6.2^0.6 (+26%, NS)b 129^3.7 134^0.7 (NS)
15 4.6^0.8 7.0^0.5 (+52%, P,0.05) 134^1.0 148^3.6 (NS)
30 5.1^0.7 3.8^0.3 (225%, P,0.05) 130^2.2 168^1.0 (+30%, P,0.001)
45 4.5^0.3 0.2^0.01 (296%, P,0.001) 133^1.8 234^3.2 (+76%, P,0.001)

a Mean ^ SE of six mice.
b NS, not significant statistically.
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the bio-activation of toxins and carcinogens (Allis et al.,
1996; Hanioka et al., 1996). Thus, the expression of CYP
2C6 was induced at 6 and 15 days but decreased
compared to controls at 45 days p.i. (fig. 1C). Interest-
ingly, CYP 2B1/2 protein expression remained similar to
the controls at all time points with the exception of 45
days post infection, when it could not be detected by the
Western blot assay (fig. 1B). Evidence that this was
indeed a real phenomenon was obtained by assaying the
activity of pentoxyresorufin O-depentylase, an enzyme
marker for CYP 2B1/2, which also showed a dramatic
96% decrease in activity at 45 days p.i. (table 2).

In conclusion, the present study demonstrates altera-
tions in the cellular levels of CYP isozymes that are
responsible for the bio-activation of various carcinogens
and xenobiotics. Our results show that the expression of
all tested CYP isozymes decreased over the same period,
especially CYP 1A1 and CYP 2B1/2, which could not be
detected by Western blot analysis, nor by specific enzyme
assays at 45 days p.i. The non-expression of CYP 1A1
during the later stages of infection could prolong the
exposure of liver and other organs to PAHs and other
toxic compounds without detoxification or activation.
Moreover, S. mansoni infections may change the intensity
and the pharmacological actions of many drugs, e.g. anti-
schistosomal drugs, which are also mainly metabolized
by the P450 system in the liver of infected individuals.
Such changes should be considered when xenobiotics are
administered to patients with schistosomiasis.
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