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Cytosolic phenol and steroid suiphotransferase activities are decreased in a sex- 
dependent manner in streptozotocin-induced diabetic rats 
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Sulphation is an important pathway of deactivation and 
elimination of ~tentially toxic compounds from the body, 
serving both xenobiotics and endogenous compounds [l, 21. 
The reactions are performed by a large family of sul- 
photransferase (ST*) isoenzymes, subdivided according to 
the class of substrate metabolized, which transfer the 
sulphate group from the donor molecular 3’-phospho- 
adenosine 5’-phosphosulphate to the acceptor substrate 
(see Ref. 2 for review). 

The effects of treatment of animals with the diabetogenic 
antibiotic streptozotocin (STZ) on the activities of many 
drug metabolizing enzymes have been extensively studied, 
and such experimental diabetes is known to induce alter- 
ations in the levels of activity of many of these enzyme 
systems, including the cytochrome P45Os, the UDP-glu- 
curonosyltransferases, the sulphotransferases and glu- 
tathione-S-transferases (e.g. Refs 3-12). 

Most investigations of the effects of experimental dia- 
betes on conjugation reactions have focused on the metab- 
olism of xenobiotic substrates for the enzymes. However, 
the STs are also involved in the metabolism of important 
and potentially toxic endogenous compounds such as ste- 
roid hormones, bile salts and catecholamines [12-161, and 
indeed this may be seen as their primary function. The 
disruption, in diabetes, of key biochemical processes as a 
result of alterations in the metabolism of such endogenous 
molecules may have im~rtant consequences for the indi- 
vidual, and this may be particularly true for the sulphation 
of steroids, since dehydroepiandrosterone (DHEA), dehy- 
droepiandrosterone sulphate (DHEA-S) and oestrogens 
have been shown to have potent anti-diabetic effects in 
experimental and genetically diabetic animals [15,16]. 
Therefore, in this work we have investigated the effect of 
exnerimental diabetes on the sulphation of xenobiotic and 
endogenous steroid substrates selective for four different 
ST isoenzvmes in STZ-induced diabetic rats. These enzyme 

I 

activities exhibit well known sexual dimorphisms, so we 
have examined the effects of diabetogenesis on the activities 
in both male and female animals. 

* Abbreviations: STZ, streptozotocin; ST, 
sulphotransfer~e; DHEA, dehydroepiandrosterone, 
DHEA-S, dehydroepiandrosterone sulphate; PAPS, 3’- 
phosphoadenosine 5’-phosphosulphate; Hepes, N-2- 
hydroxyethylpiperazine-N’-2-ethanesulphonic acid. 

Materials and Methods 

l-[1-‘~C]Naphthol (59 inCi/mmol) and [2,4,6,7-3H]oe- 
strone (107 Ci/mmol) were purchased from Amersham, 
Aylesburv, U.K. and p-]3H(G)hydroxyacetanilide (par- 
acetamol; 1.2 Ci/mmoj) ‘and ]l;2,6,7-3H]dehydroepian- 
drosterone (78 Ciimmol) were from DuPont/NEN (Ste- 
venage, U.k.). ‘BM-Test-Glycemie strips ‘were from 
Boehringer Mannheim (Lewes, U.K.). Histone 2A, 3’- 
phosphoadenosine 5’-phosphosulphate, oestrone, paracet- 
amol and dehydroepiandrosterone were purchased from 
the Sigma Chemical Co. (Poole, U.K.). Glucose-6-phos- 
phate (monosodium salt), l-naphthol and Scintran Cocktail 
T (scintillant) were from BDH Ltd (Glasgow, U.K.). All 
other reagents were of analytical grade and obtained from 
frequently used local suppliers. 

Adult Wistar rats, approximately 12 weeks of age from 
the colony maintained in the Medical School animal facility, 
were used throughout, and had access to food and water 
ad lib. Diabetes was induced by a single tail vein injection 
of streptozotocin (75 mg/kg body wt) in buffered -citrate 
(oH4.5). Animals were killed 48 hr later, and blood glucose 
levels determined using 5M-Test-Glycemie strips. Control 
animals received the vehicle only. Liver microsomes and 
cytosol (from the same livers) were prepared from 25% 
homogenates in 0.25 M sucrose, 5 mM Hepes, pH 7.4 by 
differential centrifugation. Briefly, homogenates were 
cen~i~ged at 10,008 g for 15 min and the resultant super- 
natant centrifuged at 105,tXlO g for 1 hr. The cytosolic frac- 
tion (105,CQOg supernatant) was harvested avoiding the 
lipid layer at the surface, and aliquoted and frozen at -70”. 
The microsomal pellets were resuspended in sucrose/Hepes 
buffer to a protein concentration of approximately 20 mg/ 
mL, aliquoted and stored frozen at -70”. All samples 
were used within 2 months of preparation, and microsome 
samples were frozen and thawed only once before assay in 
order to maintain the intactness of the microsomal 
membrane. 

Glucose-6-phosphatase activities were assayed and cal- 
culated according to the method of Burchell et al. [17] 
following disruption of microsomes by histone 2A, and are 
expressed as pm01 Pi released/min/mg microsomal protein, 
ST activity was determined with l-naphthol [IS], par- 
acetamol [ 191, dehydroepiandrosterone [ZO] and oestrone 
as substrates. Assay conditions were as follows: I-naph- 
thol-pH 6.6, 8yM 1-naphthol, 13 PM PAPS; paracet- 
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amol-pH 9.0, 500pM paracetamol, 320pM PAPS; 
DHEA-pH 6.5.75 PM DHEA, 200 yM PAPS. Oestrone 
ST was assayed radiometrically, as follows: reaction mix- 
tures (100 PL final volume) contained 500 pg total cytosolic 
protein, 5 PM [ ‘Hjoestrone (100,000 cpm) and 20 mM pot- 
assium phosphate buffer, pH 5.0. Reactions were initiated 
by the addition of PAPS (final concentration 200 PM) and, 
after 20 min incubation at 37”, were terminated by adding 
2 mL water-saturated dichloroethane. Water (300 pL) was 
added, and the tubes shaken for 2 min. followed by cen- 
trifugation for 2 min at 3,000 rpm to separate the phases. 
The aqueous phase (200 pL) was subjected to liquid scin- 
tillation counting to determine the amount of oestrone 
sulphate produced. Blank incubations contained no PAPS. 
All ST enzyme assays were optimized for pH, substrate 
concentration, PAPS concentration, incubation time and 
protein concentration. Statistical analysis was performed 
using Lord’s range test [21] at a significance level of P = 
0.05. 

Protein content was estimated by the method of Lowry 
et al. 1221, on samples which had been frozen and thawed 
only once. 

Results and Discussion 

Blood glucose levels were measured on the STZ treated 
rats, and all were found to have concentrations >17 mM. 
In order to confirm that the rats treated with STZ were 
diabetic, the effect of the treatment on glucose&-phos- 
phatase activity was determined in fully disrupted liver 
microsomcs (Table 1). as it has been demonstrated pre- 
viously that there is a significant increase in this enzyme 
activity in diabetic rats [23]. Glucose-6-phosphatase activity 
was increased approximately four-fold in the diabetic ani- 
mals, with no significant difference in the effects on males 
and females. This agrees well with previously reported data 
[23] and confirms that the STZ-treated animals are diabetic. 
To determine whether this stimulation of enzyme activity 

Table 1. Glucose-6-phosphatase activities in disrupted liver 
microsomes preapred from control and STZ-treated rats 

Treatment group V,,, (pmol/min/mg) 

Control male 0.18 + 0.02 
Diabetic male 0.73 2 0.06. 

Control female 0.19 2 0.02 
Diabetic female 0.68 lr 0.17’ 

Data are the mean -t SD derived from preparations of 
liver microsomes from three different animals. 

* Indicates significantly different from control animals 
at the significance level P = 0.05. 

was the result of the presence of increased enzyme protein 
in the diabetic animals, we performed immunoblot analysis 
of liver microsomes from control and diabetic rats with an 
antibody raised against the catalytic component of purified 
rat hepatic microsomal glucose-6_phosphatase, and found 
that induction of diabetes with STZ resulted in a substantial 
increase in the immunoreactive glucose-6-phosphatase pro- 
tein in the diabetic animals, corresponding to the increase 
in enzyme activity (not shown). 

The sulphoconjugation of substrates respresentative of 
four different ST sub-families [2,24] was determined in 
cytosol fractions prepared from male and female rats with 
STZ-induced diabetes and from control animals (Table 2). 
Activities towards all four substrates, I-naphthol, par- 
acetamol, DHEA and oestrone were reduced, to varying 
extents, in diabetic male liver, by 27%. 12%. 68% and 
85%, respectively. Conversely, in female liver cytosol only 
the sulphation of DHEA and oestrone was reduced sig- 
nificantly (by 35% and 52%. respectively) in the diabetic 
rats. These data demonstrate that there are isoenzyme- 
dependent, sex-specific effects on sulphotransfcrases in the 
diabetic animals, with the sulphation of DHEA and oes- 
trone being significantly more susceptible than the sul- 
phation of the xenobiotic substrates. When immunoblot 
analysis of cytosol from control and diabetic rat livers was 
performed using an antibody raised against purified rat 
liver paracetamol ST 1241. no major differences in the 
immunoreactive protein between the control and diabetic 
animals was observed (data not shown), a result which is 
consistent with the small (12%) decrease in the ST activity 
towards paracetamol in the diabetic male rats (Table 2). 

Compared to the effects of STZ-induced diabetes on 
steroid sulphation, the decreases in ST activity towards the 
xenohiotic substrates I-naphthol and paracetamol were 
fairly insignificant. However, the fact that we have found 
decreases in these activities in cytosol contradicts data from 
experiments performed on isolated hepatocytes [lo] and in 
vioo [13], where the diabetic state has been shown to 
moderately increase the sulphation of substrates for the 
phenol STs. This could be due to the increased availability 
of PAPS resulting from the diabetes, as suggested by Price 
and Jollow [13]. Another explanation could be that sub- 
strates which are also glucuronidated may, as a result of 
the decrease in glucuronidation. be more extensively 
sulphated in the diabetic animal. even though the actual 
ST activity was decreased. Overall, however, these findings 
suggest that effects of diabetes on the sulphation of xeno- 
biotics in oiuo are likely to be negligible. 

The dramatic decrease in the ability of the diabetic 
animals, males in particular, to sulphate important sex 
steroids such as DHEA and oestrone has far-reaching impli- 
cations, however. The 68% and 85% decreases observed 
in the sulphation of DHEA and oestrone in diabetic male 
rats, respectively, and the similar but lower decreases in 

Table 2. Sulphotransferase activities in fed and diabetic male and female rat liver cytosols 

Substrate Fed male Diabetic male Fed female 
( pmol/min/mg) 

Diabetic female 

I-Naphthol 1628 2 85 1183 ? 34’ 641242 612 2 35 
Paracetamol 340 2 14 299 + 12’ 214 2 10 205 f 10 
DHEA 17.7 2 1.1 5.7 -c 1.0’ 176 2 15 115 2 7’ 
Oestrone 17.5 2 1.1 2.7 + 2.5’ 3.9 -c 0.6 1.9 2 0.2’ 

Data represent the mean C SD of determinations on three different cytosol samples for each 
treatment group. 

* Indicates significantly different from control animals at the significance level P = 0.05. 
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females, are likely to result in significantly increased levels 
of circulating, receptor active steroids (the sulphated forms 
are not receptor active) in the diabetic animals. This may 
have beneficial effects: for example, it has been reported 
that ovarian oestrogens have an important role in the main- 
tenance of B-cell function [25], and therefore may have an 
anti-diabetic role. Similarlv. DHEA has been shown to 
have potent anti-diabetic effects when administered orally 
(141, although it is postmated that this is the result of the 
metabolism of DHEA to oestrogens (oestrone, /I-oestra- 
dial) and etiocholanolones /16,261 which are the active 
anti-diabetic agents. Interestingly, DHEA-S also has potent 
anti-diabetic effects 1271, although it is believed that these 
effects are mediated through coniersion of DHEA sulphate 
to oestrogens, in particular oestrone. as DHEA-S is more 
directly convertible to oestrone and oestrone sulphate than 
free, unconjugated DHEA [ZS]. The marked sex specificity 
of these decreases in steroid sulphation indicates that the 
regulation of the expression of the genes encoding DHEA 
and oestrone STs in diabetes is also under the control of 
sex hormones. Female diabetic rats appeared more refrac- 
tory to the detrimental effect of STZ-induced diabetes 
on the sulphation of these steroids, although the sexual 
dimorphjsm in normal rats was not the same for DHEA ST 
(female specific) and oestrone ST (male specific). For the 
sulphation of the xenobiotic substrates I-naphthol and par- 
acetamol, the sex-dependence of the decrease in male dia- 
betic rats was absolute, with STZ treatment having no 
effect on these enzyme activities. Kirkpatrick and Kraft 
1121 reported that STZ treatment resulted in an increase in 
bile acid ST activity in male rats. However, this increase, 
while large, was only observed over long periods (6-29 days 
post treatment). Obviously this conflicts with our findings, 
but this may be the result of the route of administration of 
the STZ (i.p. in Ref. 12, iv. in our study). The data 
presented here show marked changes in ST activity within 
48 h post-treatment, and it is possible that the effects 
reported by Kirkpatrick and Kraft (121 are the result of a 
different (long term) effect of the hyperglyceamic state. 
Further investigation of mechanism of these effects would 
require the use-of molecular probes for the ST isoenzymes 
involved. 
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