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Abstract—Sex differences in the diabetes-induced changes in hepatic cytochrome P450 proteins were
investigated in rats treated with streptozotocin. Changes in specific cytochrome P450 proteins were
monitored using diagnostic substrates and immunologically utilizing specific polyclonal antibodies. When
expressed in terms of nmoles of total cytochrome P430, ethoxyresorufin O-deethylase activity was
increased by treatment with streptozotocin, the extent of induction being the same in the two sexes. In
contrast, lauric acid hydroxylase and ethylmorphine N-demethylase activities were induced only in the
male rat. Finally, p-nitrophenol hydroxylase and pentoxyresorufin O-dealkylase were enhanced by the
same treatment in both sexes, the effect being more pronounced in the male. These findings indicate
that sex-specific changes in certain cytochrome P450 proteins exist in response to insulin-dependent
diabetes but these cannot, however, be ascribed to sex differences in the severity of diabetes induced
by streptozotocin since the degrees of hyperketonaemia and hyperglycaemia were the same in the two
sexes. These are likely to reflect sex-specific differences in growth hormone and triglyceride levels in

the diabetic animals.

The cytochrome P450-dependent mixed-function
oxidase system is the principal catalyst of the
oxidation of xenobiotics that gain entry into
the living organism. Following such metabolism
xenobiotics may be converted to readily excretable
inert, polar metabolites or to reactive electrophiles
which, if not effectively detoxicated, may interact
with vital cellular macromolecules initiating a number
of toxicological processes [1,2]. One of the major
characteristics of the mixed-function oxidase system
is its unprecedented broad substrate specificity that
it achieves by existing as a number of distinct families
of which the first three (CYP1-CYP3) are involved
in the metabolism of and induced by exposure to
chemicals [3,4). Another family, namely CYP4, is
also inducible by xenobiotics and, although no role
in xenobiotic metabolism has been established, is
closely associated with peroxisomal proliferators, a
group of rodent epigenetic carcinogens [5}.

These cytochrome P450 families are markedly
influenced by an imbalance of circulating insulin.
The levels and activities of proteins belonging to
these four families are increased following the
induction of insulin-deficient diabetes by strep-
tozotocin [6-9]. Moreover, the CYP1 family is also
enhanced by the hyperinsulinaemia that results
foliowing the transplantation of an insulin-secreting
tumour, or following the injection of long-acting
insulin to rats [10]. Such changes in cytochrome P450
proteins are of toxicological significance {11]. In
the studies of chemically induced diabetes, sex
differences have been described in some, but not
all, drug metabolizing activities [12-14]. These
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findings indicate that sex-specific changes in certain
cytochrome P450 proteins may exist in response to
insulin-dependent diabetes.

The purpose of the present study is: {(a} to establish
whether sex differences occur in the diabetes-induced
changes in specific cytochrome P450 proteins and
{b) to consider possible mechanisms for such
differences.

MATERIALS AND METHODS

Ethylmorphine (Rhone-Poulenc, Dagenham,
U.K.) resorufin, and ethoxy- and pentoxyresorufins
(Molecular Probes, Eugene, OR, U.S.A.), per-
oxidase-linked donkey anti-sheep IgG, peroxidase-
linked donkey anti-rabbit 1gG, p-nitrophenol, 3-
methylcholanthrene, isoniazid, streptozotocin, lauric
acid and all cofactors (Sigma Chemical Co., Poole,
U.K.), phenobarbitone (BDH, Poole, UK.},
pregnenolone l6a-carbonitrile (Upjohn Co., Kal-
amazoo, MI, U.S.A.), and [*Cllauric acid {(Amer-
sham International plc, Amersham U.K.) were all
purchased. Sodium clofibrate was a gift from L.C.I.
plc, Pharmaceuticals Division, (Macclesfield, U.K.).
The purification of antigens and antibody production
to cytochromes CYP1A1 and CYP2B1 have already
been described [15]. Antibodies to CYP1 recognise
both Al and A2 proteins and similarly antibodies to
P4502B1 recognise both B1 and B2 proteins as well
as a third protein of lower relative molecular mass
which is present in the liver of Wistar rats [16, 17].
Antibodies to CYP2E1, CYP3A1 and CYP4A1 were
generous gifts from Dr D. Koop (Case Western
Reserve University, School of Medicine, OH,
U.S.A.), Dr C. R. Wolf (Imperial Cancer Research
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Fund, Hugh Robson Building, George Square,
Edinburgh, U.K.) and Dr G. G. Gibson (Division
of Toxicology, School of Biological Sciences,
University of Surrey, Guildford, U K.), respectively.

Male and female Wistar albino rats (180-200g)
were obtained from the Experimental Biology Unit,
University of Surrey. One group of each sex received
a single intraperitoneal injection of streptozotocin
{65 mg/kg), dissolved in 0.5 M citrate buffer pH 4.5,
while a second group of each sex was treated with
the buffer only and served as control. All animals
were killed 21 days after commencement of the
treatment. Livers were immediately excised and
microsomal fractions prepared as described pre-
viously [18]. The following assays were carried out;
ethoxyresorufin O-deethylase [19], pentoxyresorufin
O-deatkylase [20], p-nitrophenol hydroxylase {21],
ethylmorphine N-demethylase [22], total cytochrome
P450 and bs [23] and protein using bovine serum
albumin as standard [24]. The hydroxylation of lauric
acid was determined by the TLC method of Parker
and Orton {25] and represents the combined
formation of 12(w)- and 11(w-1)-hydroxylauric
acid metabolites. Plasma glucose [26], and 3-
hydroxybutyrate and acetoacetate {27] con-
centrations were determined on terminal blood
samples.

To serve as positive controls in the immunological
studies for the induction of CYP1A, CYP2B,CYP3A
and CYP4A proteins, groups of previously untreated
male rats were treated with single daily intra-
peritoneal administrations of 3-methylcholanthrene
(25mg/kg), phenobarbitone (80mg/kg), preg-
nenolone 16a-carbonitrile (100 mg/kg) and clofibrate
(80 mg/kg), respectively, for 3 days, all animals
being killed 24 hr after the last injection. Finally, to
serve as a positive control for the CYP2E subfamily,
a further group of animals were exposed to isoniazid
(0.1% w/v in drinking water for 7 days).

For the immunoblot analysis, microsomal proteins
were solubilized in 0.1 M phosphate buffer pH 7.4,
containing emulgen (10% v/v), and treated with
SDS prior toseparation by SDS-PAGE [28]. Proteins
were transferred overnight on to nitroceilulose and
immunostained essentially as described by Towbin
et al. {29].

RESULTS

Streptozotocin-treated animals of both sexes

displayed the expected symptoms of insulin-
dependent diabetes, i.e. polydipsia, hyperphagia
and depressed body weight gain (results not shown).
Streptozotocin caused marked increases in the
plasma levels of glucose and ketone bodies in both
sexes. There were not significant sex differences in
the levels of these substrates in the streptozotocin-
treated animals (Table 1). Similarly, no differences
were evident in the basal plasma glucose and ketone
concentrations between male and female control
rats.

Basal total cytochrome P450 levels were lower in
the female animals when compared to the male
animals (Table 2}. Treatment with streptozotocin
increased the levels only in the female animals so
that there was no significant difference between the
sexes in the diabetic animals. No sex differences
were observed in cytochrome bs; and microsomal
protein levels either before or after induction of
diabetes. The dealkylations of pentoxyresorufin and
ethoxyresorufin were induced in both sexes by the
same order of magnitude (Table 2). In contrast the
N-demethylation of ethylmorphine was induced only
in the male animals. Treatment with streptozotocin
enhanced the hydroxylations of lauric acid and p-
nitrophenol in both sexes but the effect was more
pronounced in the male animals. Immunoblot
analysis of solubilized microsomes, being loaded on
the basis of protein, using polyclonal antibodies
showed increases in the apoprotein levels of CYP1A,
CYP2B and CYP2E in both sexes, even when
considering the lower levels of total cytochrome
P450in the control females (Fig. 1). When antibodies
to the P4504A family were used, increases were only
evident in the male animals. Finally, when the
microsomes were probed with antibodies against the
CYP3A family, an increase in apoprotein level was
evident in the male animals (Fig. 1). An increase in
CYP3A apoprotein is also detectable in the females,
but this small increase is most likely to reflect, at
least partly, the higher levels of total cytochrome
P450 in the female diabetics when compared to the
control females.

When enzyme activities are expressed per nmole
of total cytochrome P450, to account for the different
haemoprotein levels in the animal groups, the
dealkylation of ethoxyresorufin was induced to a
similar extent in both sexes (Fig. 2). The
oxidation of p-nitrophenol and dealkylation of

Table 1. Plasma glucose and ketone body concentrations in male and female

streptozotocin-treated rats

3-Hydroxybutyrate +

Glucose acetoacetate
Group (mM) (nM)
Control males 6.8 £0.24 0.45 £ 0.01
Streptozotocin-treated males 30450 1.40 = 0.117
Control females 6.5 054 0.51 20.03
Streptozotocin-treated females 330x74 1.21 £0.19*

Results are presented as means = SEM for five animals.

* P < 0.01; P <0.001, when compared to respective controls.
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Table 2. Hepatic mixed-function oxidases in male and female streptozotocin-treated rats

Streptozotocin-treated

Streptozotocin-treated

Parameter Control males males Control females females
Ethoxyresorufin O-deethylase
(pmol/min/mg protein) 10.4 £2.5 24.6 £ 2.5¢% 8.7+2.0 31.4+9.1*
Pentoxyresorufin O-depentylase
(pmol/min/mg protein) 1.9+0.3 10.4 + 1.04 1.5+03 7.8 = 1.4%
Ethylmorphine N-demethylase
(nmol/min/mg protein) 13.2+0.18 28.6 = 1.0¢ 12.5+0.1 13.4+0.2
p-Nitrophenol hydroxylase
(nmol/min/mg protein) 0.50 £ 0.10 2.84 + 0.30% 0.58 +0.04 1.46 + 0.30%
Lauric acid hydroxylase
(nmol/min/mg protein) 0.99+0.2 3.36 = 0.18t 1.10 = 0.12 2.05 +0.10¢
Total cytochromes P450
(nmol/mg protein) 0.55 +0.03 0.62 = 0.05 0.32 = 0.04§ 0.54 = 0.08*
Cytochrome bs
(nmol/mg protein) 0.68 + 0.03 0.75 £ 0.04 0.67 + 0.07 0.90 £ 0.10
Microsomal protein
(g/liver) 42325 42638 40.0+44 35416

Results are presented as means = SEM for five animals.

* P <0.05; 1P < 0.01; P < 0.001, when compared to respective controls.

§ P < 0.01, when compared to control males.

pentoxyresorufin were induced more extensively in
the male rats, whereas the N-demethylation of
ethylmorphine and lauric acid hydroxylation were
induced by STZ treatment only in the male animals

(Fig. 2).
DISCUSSION

Two mechanisms could be responsible for the sex
differences in the diabetes-induced changes in drug
metabolism in rats reported by many workers [12-
14]: (a) different susceptibility of the sexes to the
diabetogenic properties of streptozotocin and/or (b)
sex-specific differences in the modulation of
cytochrome P450 proteins by insulin-dependent
diabetes. The first possible mechanism can be
discarded since treatment with streptozotocin elicited
the same magnitude of increase in plasma glucose
levels in both sexes, in agreement with previous
studies [30]. Moreover, the degree of ketosis as
exemplified by the plasmalevels of 3-hydroxybutyrate
plus acetoacetate was similar in both sexes.

The O-deethylation of ethoxyresorufin is exten-
sively used as a diagnostic substrate for the CYP1
proteins[31]. Induction of insulin-dependent diabetes
by treatment with streptozotocin enhanced this
activity in the male rats, as we have reported
previously {6, 8]. The same treatment given to female
rats produced a similar change to those seen in the
male animals. These findings were further confirmed
by immunoblot analysis, employing polyclonal
antibodies to the CYP1 family, showing similar
increases in the apoproteins levels. Furthermore, in
both sexes induction of diabetes enhanced selectively
the A2 protein of the CYP1 family. The diabetes-
induced changes in the CYP1 proteins appear to be
mediated by the hyperketonaemia that accompanies
diabetes. When animals were rendered hyper-
ketonaemic by the dietary administration of

medium chain triacyglycerols, similar changes in the
CYP1 family were observed as in streptozotocin-
induced diabetes [8,32]. A determining role of
ketones is also supported by the fact that
administration of acetone to rats enhanced the
apoprotein levels and activities of these two proteins
[33]. Since the severity of ketosis is the same in both
sexes, the finding that the extent of the diabetes-
inducing changes in this family is similar is not
surprising.

Ethylmorphine N-demethylase, an activity associ-
ated with the CYP3A family [34], was induced
only in male animals following treatment with
streptozotocin, and this is supported by the
immunoblot studies where increased apoprotein
levels are evident only in male rats. Although a
small increase in apoprotein levels may be detectable
instreptozotocin-induced female rats when compared
to control, we believe this partly refiects the higher
total cytochrome P450 levels in the treated animals.
The CYP3A family is induced by large molecular
mass compounds and therefore ketone bodies are
unlikely to be responsible for the diabetes-induced
changes in male rats. Indeed, male rats rendered
hyperketonaemic by dietary manipulation did not
exhibit the higher levels of CYP3A activity, when
compared to controls, as observed in diabetic animals
[7]. Moreover, treatment of male rats with acetone,
3-hydroxybutyrate or the ketone precursor 1,3-
butanediol failed to influence this activity [33]. The
hepatic levels of the CYP3A family are strictly
regulated by the pituitary, through growth hormone.
Low levels of growth hormone have been associated
with increased expression of the CYP3A protein
in rat liver [35]. Insulin-dependent diabetes is
characterized by low circulating levels of growth
hormone, a consequence of impaired release [36, 37)
and it is likely that this pathological effect triggers
the synthesis of P4503A proteins (7). However, in
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Fig. 1. Effect of streptozotocin on hepatic microsomal cytochrome P450 proteins in the male and female
rat determined using immunoblots. Microsomal proteins were resolved by electrophoresis in a 10%
(w/v) SDS-polyacrylamide gel and transferred to nitrocellulose. In all cases 20 ug of solubilized
microsomal protein were loaded except for the positive controls when only 10 ug of protein were
loaded. The following primary antibody dilutions were used: sheep anti-CYP1A, 1:10,000; rabbit anti-
CYP2B, 1:2000; sheep anti-CYP-2E, 1:5000; rabbit anti-CYP3A, 1:2000 and sheep anti-CYP4A,
1:5000. The dilutions for the secondary antibodies were: peroxidase-linked donkey anti-sheep IgG,
1:2000 and peroxidase-linked goat anti-rabbit IgG, 1:2000. MC, male control; FC, female control; MD,
male diabetic; FD, female diabetic; 3MC, 3- methylcholanthrene-treated; PB, phenobarbital-treated;
IS, isoniazid-treated; PCN, PCN-treated and CL, clofibrate-treated.

contrast to male rats, induction of diabetes by
treatment of female rats with streptozotocin is not
associated with changes in the pattern of growth
hormone secretion [38], explaining the lack of change
in the level of CYP3A activity as exemplified by the
N-demethylation of ethylmorphine.

The CYP4A is unique among the inducible forms
of cytochrome P450 in that it does not metabolize
the inducing substrate or any other xenobiotic, but
appears to be involved exclusively in the metabolism
of endogenous substrates, such as fatty acids and
eicosanoids [39]. When expressed in terms of total
cytochrome P450, diabetes caused an increase in
lauric acid hydroxylase, an enzyme specific to the

CYP4A family, only in male rats, and this was
supported by immunoblot analysis of the apoprotein
levels. Previous studies revealed that dietary
administration of medium chain triglycerides
enhances lauric acid hydroxylation and increases
CYP4A apoprotein levels [7]. As this treatment
induces hyperketonaemia, it was considered likely
that, as in the case of the CYP1 family, the circulating
high ketone levels acted as inducers of the CYP4A
family. However, this mechanism appears unlikely
since treatment of male rats with acetone or other
physiological ketones failed to induce CYP4A
activity [33]. These observations indicate that the
triglycerides are responsible, directly or indirectly,
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for the increase in CYP4A activity through a
mechanism independent of hyperketonaemia. The
hyperlipidaemia that accompanies diabetes may play
a significant role, therefore, in the induction of the
CYP4A proteins. Compounds that increase the
plasma levels of triglycerides have been reported as
capable of inducing the CYP4A family [40]. The
mechanism for this sex difference in the diabetes-
induced CYP4A activity is not clear. One can
speculate that it reflects different degrees of
hyperlipidaemia in the two sexes in the rat. Indeed,
in clinical studies, sex differences in the effects of
insulin-dependent diabetes on plasma cholesterol,
triglyceride and lipoprotein levels have been
documented [41].

Finally, streptozotocin-induced diabetes enhanced
p-nitrophenol hydroxylase and pentoxyresorufin O-
dealkylase, diagnostic probes for the E and B
subfamilies of the CYP2 family [20, 42], in both
sexes but the effect was clearly more pronounced in
the male animals. Hyperketonaemia is, at least
partly, responsible for the increase in these
subfamilies since: (a) correlations have been
established between the plasma ketone levels on one
hand and CYP2E levels and activity [9]; (b)
hyperketonaemia induced by the administration of
medium chain triglycerides increased the levels of
CYP2B and CYP2E proteins [31] and (c) treatment
of animals with acetone elevated the hepatic levels
and enhanced the activity of CYP2B and CYP2E
proteins [33,43,44]. As the degree of hyper-
ketonaemia induced by streptozotocin is the same
in both sexes, a similar increase in CYP2B and
CYP2E activities would be expected, contrary to the
present findings. However, it has been reported
recently that a decrease in growth hormone levels
may also trigger the synthesis of proteins belonging
to these subfamilies in the rat {45]. It therefore
appears likely that in male diabetic rats two
mechanisms contribute to the increased CYP2B and
CYP2E activities: a reduction in the plasma levels
of growth hormone and the high plasma levels of
the ketones; whereas in female animals only the
latter is operative, thus explaining the observed sex
difference.

In summary, the present work demonstrates that:
(a) treatment of male and female rats with
streptozotocin induces insulin-dependent diabetes of
similar severity; (b) the sex differences in the
diabetes-induced changes in cytochromes P450 are
specific to certain families and (c) the difference may
be related to sex differences in growth hormone
levels and degree of hyperlipidaemia in the diabetic
animals.
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