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Abstract-The proportions of different hepatic microsomal cytochrome P45Os expressed in uremic rats 
were studied with specific antibodies and with a steroid hydroxylase assay. In male uremic rats, the 
hepatic levels of P450 2Cl1, a male-specific form, and 3A2, a male-dominant form, were decreased to 
about 30% at 5 weeks after the induction of uremia. These changes were paralleled by decreases in the 
activities of testosterone 2a;, 16a-, and 6/3-hydroxylation. The level of P450 2A1, abundant in immature 
rats, was increased 2-fold by uremia and accompanied by an increase in testosterone 7cu-hydroxylation 
activity. The levels of P450 2C6 and 2E1 were not changed by uremia. The levels of male-specific and 
malt-dominant forms such as P450 2Cll and 3A2 are affected by the serum level of testosterone, which 
was decreased in the male rats with uremia. Therefore, castrated rats were prepared to compare the 
effects of testosterone on hepatic cytochrome P45Os in uremic rats with those in castrated rats. When 
testosterone was administered to the castrated rats, the decreased levels of both P450 2Cll and 3A2 
returned to normal. However, the administration of testosterone to the uremic rats did not prevent the 
decrease in the levels of these P45Os. In female rats, changes in the levels of cytochrome P45Os were 
not as great during uremia as those in male uremic rats. The level of P450 2C12, a female-specific form, 
was not changed; the level of P450 2Al was increased by 50%, that of 3A2 which is barely detected in 
female rats was increased by 60%, and that of 2El was increased by 25%. These results suggested that 
the changes in the hepatic levels of cytochrome P45Os were affected by factors other than testosterone 
in uremic rats. 

Uremia can cause a variety of functional abnor- 
malities in almost every organ of the body. The 
metabolism of vitamins, hormones, proteins, lipids, 
steroids, and drugs is altered in the uremic state. 
For example, abnormalities in the biological half- 
life of several drugs metabolized by liver microsomal 
enzymes occur in uremic subjects [l, 21. Despite 
adjustment of the dosage to compensate for the 
reduced renal clearance, the frequency and severity 
of adverse drug reactions are greater in patients with 
renal failure than in patients without renal failure 
[3,41. 

The hepatic monooxygenase system including 
cytochrome P450 metabolizes many exogenous and 
endogenous substances, including steroids and fatty 
acids [5-71. The metabolism of chemicals by the 
hepatic monooxygenase system is altered by diseases 
such as diabetes and hypertension, because of 
changes in the levels of individual cytochrome P45Os 
[g-11]. Changes in hormonal levels caused by 
diseases affect the levels of cytochrome P450. The 
proportions of different cytochrome P45Os in hepatic 
microsomes are regulated by several factors, 
including age, sex, altered physiological states, and 
administration of drugs and chemicals [8-131. Some 
forms of cytochrome P450 are expressed sex- 
specifically in the rat liver, so that there is a sex- 
related difference in the properties of hepatic 

f Corres~nding author: Dr. Susumu Imaoka, Labora- 
tory of Chemistry, Osaka City University Medical School, 
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6-645-2081; FAX 81-6-645-2080. 

microsomal cytochrome P45Os. Male-specific forms 
are affected by the serum levei of testosterone. 
Uremic rats can develop hypogonadism [14]. It is 
therefore of interest to find out how cytochrome 
P450 in the liver is changed and regulated in 
conditions such as uremia. Leber and Schiitterle [15] 
found that the activities of hepatic microsomes 
towards some chemicals and the amount of 
cytochrome P450 measured photometrically are 
decreased by uremia. Patterson and Cohn [16] 
reported a similar decrease in cytochrome P450- 
dependent activities, but found that the activities of 
6-methylmercaptopurine riboside S-demethylase and 
Pnaphthylacetate esterase and the amounts of 
cytochrome b5 and NADPH-cytochrome P450 
reductase are unaltered. The role of individual 
cytochrome P45Os that metabolize drugs in uremic 
rats has not been studied, although at least twenty 
forms have been isolated from the rat liver and 
characterized biochemically [12,17, IS]. 

In this study, we investigated the metabolic 
activities of hepatic microsomes and the changes in 
the hepatic levels of different cytochrome P45Os in 
rats, using a surgically produced model of uremia. 

MATERIALS AND MJ3THODS 

Animal treatment. Eight-week-old inbred male 
and female Sprague-Dawley rats (Clea Japan, Inc., 
Tokyo) were used. Uremia was brought about in 
the rats by the method of Ormrod and Miller 1191 
by resection of both the upper and lower poles of 
the left kidney and then removal of one-third of the 

2407 



2408 S. IK~bf0T0 et al. 

remaining cortical tissue from the exterior lateral 
aspect of this kidney. The right kidney was removed 
7 days later. As a control, sham-operated rats 
were prepared by exposure of the left kidney, 
decapsulation, and removal of thin slices of the 
cortical tissue from the surface of the kidney. Seven 
days later, the right kidney was surgically exposed. 
In a separate experiment, S-week-old Sprague- 
Dawley rats were castrated. Testosterone was given 
to uremic or castrated rats by subcutaneous injection 
of testosterone propionate (10 mg/kg in corn oil) 
three times a week from the third to fifth week (for 
a total of nine times) after the induction of uremia 
or castration. Serum urea nitrogen and serum 
creatinine levels were assayed with a Gemstar 
autoanalyzer (Tateishi Inc., Tokyo, Japan). The 
serum testosterone level was assayed by a specific 
radioimmunoassay with a commercial kit (Tes- 
tosterone 1251 kit, Sorin Biomedica, S.p.A., Italy). 

Preparation of microsomes. The livers were 
homogenized with a Potter Teflon homogenizer in 
3 vol. of 1.15% KCl, 1 mM EDTA, and 0.25 mM 
phenylmethylsulfonyl fluoride (Sigma Chemical Co., 
St. Louis, MO). Microsomal fractions were obtained 
by differential centrifugations. The microsomal 
pellets obtained were suspended in 0.1 M potassium 
phosphate buffer (pH 7.4), 1 mM EDTA, 1 mM 
dithiothreitol, and 30% glycerol to a concentration 
of 30-50 mg protein/ml and stored at -90”. 

Purification of cytochrome P45Os and preparation 
of antibodies. P450 2Cll (UT-2) was purified from 
untreated male rats, and P450 3A2 (PB-1) and 2C6 
(PB-2) were purified from rats treated with 
phenobarbital as reported previously [17]. P450 2Al 
(IF-3) was purified from immature female rats [20]. 
P450 2El (DM) was purified from rats with diabetes 
caused by streptozotocin [9]. P450 2C12 (F-2) was 
purified from untreated adult female rats [21]. The 
nomenclature of cytochrome P45Os used in this study 
is that of Nebert et al. [22]. Antibodies against the 
purified cytochrome P45Os (P450 2Cl1, 3A2, 2C6, 
2A1, 2C12, and 2El) were raised as described 
previously in a female Japanese White rabbit obtained 
from Biotech (Saga, Japan) [21]. Characterization of 
the antibodies has been described elsewhere [23]. 

Immunochemical study. The immunoblotting and 
immunochemical assays of individual cytochrome 
P450 isozymes were done as reported previously [23]. 
After sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis with a 7.5% polyacrylamide gel 
by the method of Laemmli [24], the proteins were 
transferred from the gel to a nitrocellulose sheet 
(Bio-Rad Laboratories, Richmond, CA) in a buffer 
containing 100 mM Tris, 192 mM glycine, and 20% 
methanol [25]. The nitrocellulose membrane was 
treated with the antibody and stained with 
a Vectastain ABC kit (Vector Laboratories, 
Burlingame, CA). Immunochemical assays were 
done by densitometry of the stained nitrocellulose 
sheets. 

Other methods. Aminopyrine N-demethylation 
activity, 7-ethoxycoumarin 0-dealkylation activity, 
and testosterone hydroxylation activity were 
measured as described previously [21]. Protein 
concentrations, cytochrome P450 content, cyto- 
chrome b5 content, and NADPH-cytochrome P450 

reductase activity were measured by methods 
reported previously [26-291. 

RESULTS 

Blood biochemistry and hepatic content of 
cytochrome P450 in uremic rats and castrated rats, 
Test results for blood biochemistry and the hepatic 
content of cytochrome P450 are shown in Table 1. 
Serum urea nitrogen and serum creatinine reached 
a peak 1 week after uremia was brought about. At 
5 weeks, serum urea nitrogen and serum creatinine 
were 101.7 f 8.8 and 1.52 ? 0.13 mg/dL, respect- 
ively, in the male uremic rats and 86.8 ? 19.6 and 
1.56 -+ 0.42 mg/dL, respectively, in the female 
uremic rats. The specific content of cytochrome P450 
was decreased in the male uremic rats. Although 
this level gradually increased with time (1, 3, and 5 
weeks after the induction of uremia), it was still 
significantly low at 5 weeks. The specific contents of 
cytochrome b5 and NADPH-cytochrome P450 
reductase were unchanged in these rats. There was 
no change in the specific content of cytochrome P450 
in the female uremic rats. 

The serum testosterone level was low in the male 
uremic rats. Some forms of cytochrome P450 that 
are expressed sex-specifically in the liver are affected 
by the serum level of testosterone [30]. To identify 
the effects of testosterone on the regulation of the 
expression of cytochrome P450, castrated rats were 
prepared as a model of those with decreased serum 
testosterone level. The specificcontent ofcytochrome 
P450 was decreased in the castrated rats to the same 
degree as in the male uremic rats. By the 
administration of testosterone to the castrated rats, 
the specific content of cytochrome P450 was restored 
to the level in the control rats, but the administration 
of testosterone to the male uremic rats did not affect 
the decrease. 

Metabolic activity of hepatic microsomes in uremic 
rats and castrated rats. The metabolic activities of 
hepatic microsomes are shown in Table 2. In the 
male uremic rats, the aminopyrine N-demethylation 
activity and the 7-ethoxycoumarin 0-dealkylation 
activity of hepatic microsomes were diminished by 
uremia, although these activities increased with time. 
Testosterone hydroxylation is one index of the 
changes in the different forms of cytochrome P450 
in hepaticmicrosomes [31]. In our study, testosterone 
~LX- and 16cr-hydroxylation activities were decreased 
in the male uremic rats, suggesting that the level of 
P450 2Cll in hepatic microsomes may be decreased 
[31]. Testosterone 2/3- and 6fl-hydroxylation activities 
were also decreased in the male uremic rats, 
suggesting that the level of P450 3A2 may 
be decreased [32]. Testosterone 7a-hydroxylation 
activity was increased in the male uremic rats, 
suggesting that the level of P450 2Al may be 
increased [20]. There were no changes in testosterone 
6e+, 15ac-, or 16@-hydroxylation activities (data not 
shown). In the castrated rats, the aminopyrine N- 
demethylation activity and the 7-ethoxycoumarin O- 
dealkylation activity of hepatic microsomes were 
decreased. Testosterone 2a-, 16c~-, and 6/3-hydroxy- 
lation activities were also decreased in these rats to 
the same levels as in the male uremic rats. These 
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levels returned to normal with the administration of 
testosterone to the castrated rats. In the male uremic 
rats, testosterone 2/%hydroxylation activity was 
restored and 6P-hydroxylation activity seemed to be 
increased by testosterone administration, but the 
activities of aminopyrine N-demethylation, 7- 
ethoxycoumarin 0-dealkylation, and testosterone 
2c+, SLY-, and 16a-hydroxylation were not affected. 
Anti-P450 2A1, 2Cl1, or 3A2 antibodies almost 
completely inhibited 7u+hydroxylation, 20+ and 16~~- 
hydroxylation, or 2/3- and 6@hydroxylation activities, 
respectively, of hepatic microsomes of control 
and uremic male rats (data not shown). Each 
hydroxylation activity of hepatic microsomes toward 
testosterone was dependent on the activity of 
individual cytochrome P45Os. These metabolic 
activities were not altered by uremia in the female 
rats. 

Hepatic level of forms of cytochrome P450 in 
uremic rats and castrated rats. The increase or 
decrease in certain microsomal activities depending 
on cytochrome P450 suggested that the level of one 
or more forms of cytochrome P450 may be decreased 
while that of other forms may be increased. 
Therefore, specific polyclonal antibodies were 
prepared against six cytochrome P4SOs to monitor 
the changes in these enzymes in hepatic microsomes 
caused by uremia. Table 3 shows the results of 
quantitative Western blots of the microsomal 
samples. Consistent with the decrease in testosterone 
2c~- and 16Lu-hydroxylation activities, the level of 
P450 2Cl1, a major male-specific form, was 
decreased in the male uremic rats as compared with 
that in the control rats. This change can explain the 
decrease in the aminopyrine N-demethylation activity 
of hepatic microsomes in the male uremic rats, as 
P450 2Cll has high aminopyrine N-demethylation 
activity [33]. P450 3A2 is a major form of cytochrome 
P450 in untreated male rats. The level of P450 3A2, 
constitutive testosterone 6/3-hydroxylase (321, was 
decreased by uremia, consistent with the decrease 
in testosterone 6&hydroxylation activity. P450 2C6 
is present in both sexes [21], and its level was little 
changed by uremia. The level of P450 2E1, a form 

that is induced by diabetes or ethanol administration 
[lo], was also little changed by uremia. P450 2Al is 
present in the hepatic microsomes of both sexes and 
abundant in immature rats [20]. P450 2Al has 
mostly testosterone 7cr-hydroxlation activity in a 
reconstituted system and is important in testosterone 
7Lu-hydroxylation in rat hepatic microsomes [20]. 
Consistent with the increase in microsomal 7~- 
hydroxylation activity, the level of P450 2Al was 
increased by uremia. In the female uremic rats, 
almost no change was observed in the levels of 
cytochrome P450 2C12, a major female-specific 
form, and P450 2C6 as compared with those in the 
control rats. The level of P450 2Al was increased 
by uremia, as in the male rats and the level of P450 
3A2, which is barely detectable in female rats, was 
increased slightly in the female uremic rats, although 
increases of testosterone 68 and 7cy-hydroxylation 
activities (catalyzed by P450 3A2 and 2A1, 
respectively) were not observed. The discrepancy of 
hydroxylation activity and the level of cytochrome 
P450 was not explained. The level of P450 2El was 
also slightly increased. In the castrated male rats, 
cytochrome P450 2Cll and 3A2 levels were 
decreased, the P450 2Al level was increased, and 
P450 2C6 and 2El levels were changed little (as in 
the male uremic rats), when compared with levels 
in the male control rats. After the administration of 
testosterone, however, the levels of P450 2Cll and 
3A2 rose to levels higher than those in the control 
rats. These changes in the levels of each form of 
cytochrome P450 were consistent with those in 
testosterone hydroxylation activities. However, 
testosterone treatment only slightly affected the 
levels of P450 3A2 in the male uremic rats in contrast 
to results in the castrated rats. 

DISCUSSION 

Changes in hepatic microsomal cytochrome P450 
levels in uremic rats have been monitored in catalytic 
studies of testosterone and immunoblotting studies 
done with specific antibodies. In our study, the levels 

Table 3. Alterations in the levels of cytochrome P450 of rat hepatic microsomes of uremic and castrated rats 

3A2 2C6 2Al 2El 2Cll 2c12 

Male control 
Uremia (1 week) 
Uremia (3 weeks) 
Uremia (5 weeks) 
Uremia treated 
with testosterone 

Male castration 
Castration treated 
with testosterone 

Female control 
Uremia (5 weeks) 

113.5 + 18.1 
20.8 f 3.8* 
26.5 + 2.0* 
36.9 2 6.0* 

62.6 2 9.1*$ 
39.7 2 9.6* 

161.1 f 2.9* 
10.4 f 2.9 
16.4 + 3.1t 

126.8 +- 16.4 
115.1 -t 26.7 
146.3 ? 13.1 
145.1 -t 38.2 

153.3 ? 29.8 
148.9 + 14.9 

147.2 2 15.9 
120.5 5 15.2 
132.4 ? 22.2 

11.9 2 4.1 
17.5 + 4.6 
24.3 2 6.0t 
23.6 * 9.lt 

24.0 ? 7.5t 
22.0 t 6.8t 

18.6 + 5.5 
31.1 2 9.8 
44.7 r 6.lt 

38.6 * 11.5 355.2 2 29.6 
27.1 f 9.5 34.4 2 15.1* 
43.9 + 10.5 44.6 2 24.2* 
47.6 2 6.6 128.1 +- 32.1* 

43.7 t 3.5 165.3 2 30.9* 
36.6 f 2.5 219.3 2 47.9* 

38.2 -t 22.1 427.3 2 31..5* 
49.3 + 5.4 ND 
63.2 2 8.7t ND 

ND 
ND 
ND 
ND 

ND 
ND 

ND 
204.2 ? 17.2 
232.2 ” 42.1 

Levels of cytochrome P45Os were assayed by densitometry of nitrocellulose immunoblotted from an SDS- 
polyacrylamide gel. Hepatic microsomes (l-1Opg) were analyzed by Western blotting. Measurement was done with 
duplicates of tive to six different preparations of microsomes. Values are expressed as means ? SD. ND, not detected. 

* Significantly different from control, P < 0.01. 
t Significantly different from control, P < 0.05. 
$ Significantly different from male uremic rats (5 weeks), P < 0.01. 
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of P450 2Cl1, a typical male-specific form, and 3A2, 
a male-dominant form, were decreased in male 
uremic rats. The level of P450 2C6, present in both 
sexes, was changed little by uremia. In contrast, the 
level of P450 2A1, abundant in immature rats, was 
increased. In castrated rats, the levels of P450 2Cll 
and 3A2 were also decreased. By testosterone 
treatment of castrated rats, the total content of 
cytochrome P450, various metabolic activities, and 
decreased levels of cytochrome P450 2Cll and 3A2 
were restored to levels higher than those in control 
rats. However, these levels were affected only 
slightly by testosterone treatment of uremic rats. 
These results indicated that the proportions of 
cytochrome P450 in hepatic microsomes are not 
necessarily changed by abnormalities of testosterone 
in uremic rats. In female uremic rats, the levels of 
P450 2A1, 3A2, and 2El increased, although the 
level of P450 2C12, a female-specific form, was 
unchanged. In uremic rats, endocrine factors other 
than androgens may affect the levels of cytochrome 
P450. 

LeBlanc and Waxman [34] have reported that 
with the administration of cisplatin (which causes 
renal failure) to male rats, the serum testosterone 
level decreases, the P450 2Cll and 3A2 levels 
decrease, and the P450 2Al level increases, but that 
these changes are prevented by the administration 
of androgen. Their renal failure model and our 
uremia model cause the changes in the levels of 
cytochrome P450 by different mechanisms. Thummel 
and Schenkman [35] have reported that in male rats 
with diabetes caused by streptozotocin, the serum 
testosterone level is decreased, P450 2Cll and 3A2 
levels are decreased, and P450 2Al and 2El levels 
are increased, but that by the administration of 
testosterone, the P450 3A2 level is restored while 
the levels of the other forms are not changed; 
treatment with insulin causes the content of 
cytochrome P450 to return to normal levels. They 
have suggested that there are factors other than 
androgen that affect the content of cytochrome P450 
in diabetic rats. Adult rats are sexually differentiated 
with respect to the pattern of pituitary growth 
hormone (GH) secretion. Adult male rats secrete 
GH in an episodic or pulsatile way and adult female 
rats secrete it in a more continuous way [36]. Some 
forms of cytochrome P450 are regulated by the 
secretion of GH; P450 2Cll is dependent on the 
pulsatile secretion of GH [37]; P450 3A2 is 
suppressively regulated by GH [38]; P450 2Al seems 
to be regulated by GH and thyroid hormone [39,40]. 
However, details about GH secretion in uremia have 
not been studied. More studies must be made on 
the effects of factors (including GH) other than 
androgen on cytochrome P450 in uremic rats. Also, 
various uremic toxins appear in the blood in uremia, 
and this may affect the induction and suppression of 
the expression of hepatic microsomal cytochrome 
P450. 

In humans, it is not clear whether there is a sex 
difference in hepatic microsomal cytochrome P450 
activity and whether any hormone regulates this 
activity. Chronic renal failure is associated with 
gonadal dysfunction in both men and women. In 

men, uremic hypogonadism is manifested by 
hypoandrogenism (gynecomastia and loss of libido 
and potency) and hypospermatogenesis (decreased 
testicular size, spermatogenesis, and infertility) [41- 
43]. The features of hypogonadism and infertility 
have been found in models of uremia in rats. 
Handelsman [42] has reported that the hypogonadism 
could be due to direct effects of uremia on the testes 
or to indirect effects via the reduction in the level 
of circulating luteinizing hormone (LH) level. 
Further investigation is needed to identify the cause 
of the alteration in hepatic drug metabolism in 
uremic rats. 

Acknowledgement-We thank Miss M. Ohki for her 
technical assistance. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

REFERENCES 

Anton AH and Corey WT, Interindividual differences 
in the protein binding of sulfonamides: The effect of 
disease and drugs. Acta Pharmacol Toxic01 29 (Suppl 
3): 134-151, 1971. 
Scherrer S, Haldimann B, Kiipfer A, Reubi F and 
Bircher J, Hepatic metabolism of aminopyrine in 
patients with chronic renal failure. Clin Sci Mel Med 
54: 133-140, 1978. 
McAllister CJ, Scowden EB and Stone WJ, Toxic 
psychosis induced by phenothiazine administration in 
patients with chronic renal failure. Clin Nephrol 10: 
191-195, 1978. 
Smith JW, Seidl LG and Cluff LE, Studies on the 
epidemiology of adverse drug reactions. V. Clinical 
factors influencing susceptibility. Ann Intern Med 65: 
629-640, 1966. 
Gillette JR, Davis DC and Sasame HA, Cytochrome 
P-450 and its role in drug metabolism. Annu Rev 
Pharmacol 12: 57-84, 1972. 
Lu AYH and West SB, Reconstituted mammalian 
mixed-function oxidases: Requirements, specificities 
and other properties. Pharmacol Ther 42: 337-358, 
1978. 
Cooper DY, Schleyer H, Levin SS, Eisenhardt RH, 
Novack BG and Rosenthal 0, A reevaluation of the 
role of cytochrome P-450 as the terminal oxidase in 
hepatic microsomal mixed function oxidase catalyzed 
reactions. Drug Metab Rev 10: 153-185, 1979. 
Farvreau LV, Malchoff DM, Mole JE and Schenkman 
JB, Responses to insulin bv two forms of rat henatic 
microsomal cytochrome Pl450 that undergo iajor 
(RLM6) and minor (RLMSb1 elevations in diabetes. J 
biol &em 262: 143b14328, 1987. 
Funae Y, Imaoka S and Shimojo N, Purification and 
characterization of diabetes-inducible cytochrome P- 
450. Biochem Int 16: 503-509, 1988. 
Yamazoe Y, Murayama N, Shimada M, Yamauchi K 
and Kato R, Cytochrome P450 in livers of diabetic 
rats: Regulation by growth hormone and insulin. Arch 
Biochem Biophys 268: 567-575, 1989. 
Imaoka S and Funae Y, Hepatic and renal cytochrome 
P-450 in spontaneously hypertensive rats. Biochim 
Biophys Acta 1074: 209-213, 1991. 
Waxman DJ, Rat hepatic cytochrome P-450 isoenzyme 
2c: Identification as a male-specific, developmentally 
induced steroid 16cu-hydroxylase and comparison to a 
female-specific cytochrome P-450 isoenzyme. J Biol 
Chem 259: 15481-15490, 1984. 
Kamataki T, Maeda K, Yamazoe Y, Nagai T and Kato 
R, Sex difference of cytochrome P-450 in the rat: 
Purification, characterization, and quantitation of 
constitutive forms of cytochrome P-450 from liver 



2412 S. IKEMoT~ et al. 

microsomes of male and female rats. Arch Biochem 
Biophys 225: 758-770, 1983. 

14. Handelsman DJ. Soaliviero JA and Turtle JR. 
Hypothalamic-pituitary function in experimental 
uremic hypogonadism. Endocrinology 117: 1984-1995, 
1985. 

15. LeberHWandSchiitterleG,Oxidativedrugmetabolism 
in liver microsomes from uremic rats. Kidney Inf 2: 
152-158, 1972. 

16. Patterson SE and Cohn VH, Hepatic drug metabolism 
in rats with experimental chronic renal failure. Biochem 
Pharmacol33: 711-716, 1984. 

17. Funae Y and Imaoka S, Simultaneous purification of 
multiple forms of rat liver microsomal cytochrome P- 
450 by high-performance liquid chromatography. 
Biochih Biiphys Acta 842: 116132, 1985. - _ _ 

18. RvanDEandLevin W.Purificationandcharacterization 
of hepatic microsomal cytochrome P-450. Pharmacol 
Ther 45: 153-239, 1990. 

19. Ormrod D and Miller T, Experimental uremia: 
Description of a model producing varying degrees of 
stable uremia. Nephron 26: 249-254, 1980. 

20. Imaoka S, Kamataki T and Funae Y, Purification and 
characterization of six cytochroms P-450 from hepatic 
microsomes of immature female rats. J Biochem 
(Tokyo) 102: 843-851, 1987. 

21. Imaoka S, Terano Y and Funae Y, Purification and 
characterization of two constitutive cytochromes P-450 
(F-l and F-2) from adult female rats: Identification of 
P-45OF-1 as the phenobarbital-inducible cytochrome P- 
450 in male rat liver. Biochim Biophys Acta 916: 358- 
367, 1987. 

22. Nebert DW, Nelson DR, Coon MJ, Estabrook RW, 
Feyereisen R, Fujii-Kuriyama Y, Gonzalez FJ, 
Guengerich FP, Gunsalus IC, Johnson EF, Loper JC, 
Sato R, Waterman MR and Waxman DJ, The P450 
gene superfamily: Update on new sequences, gene 
mappings, and recommended nomenclature. DNA Cell 
Biol 10: 1-14, 1991. 

23. Imaoka S, Terano Y and Funae Y, Changes in the 
amount of cytochrome P45Os in rat hepatic microsomes 
with starvation. Arch Biochem Biophys 278: 168-178, 
1990. 

24. Laemmli UK, Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
227: 680-685, 1970. 

25. Towbin H, Staehelin T and Gordon J, Electrophoretic 
transfer of proteins from polyacrylamide gels to 
nitrocellulose sheets: Procedure and some applications. 
Proc Nat1 Acad Sci USA 76: 4350-4354, 1979. 

26. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. _ - 

27. Phillios AH and Lanedon RG. Heoatic tri- 
phosphopyridine nucleotide-cytochrome c ieductase: 
Isolation, characterization, and kinetic studies. J Biol 
Chem 237: 2652-2660, 1962. 

28. Omura T and Sato R, The carbon monoxide-binding 
pigment of liver microsomes. I. Evidence for its 
hemoorotein nature. J Biol Chem 239: 237G-2378. 
1964.. 

29. Omura T and Sato R, The carbon monoxide-binding 
niement of liver microsomes. II. Solubilization, 
pt%fication, and properties. .J Biol Chem 239: 2379- 
2385. 1964. 

30. Dannan GA, Guengerich FP and Waxman DJ, 
Hormonal regulation of rat liver microsomal enzymes: 
Role of gonadal steroids in programming, maintenance, 
and suppression of A4-steroid Sa-reductase, Ravin- 
containing monooxygenase, and sex-specific cyto- 
chromes P-450. J Biol Chem 261: 10728-10735, 1986. 

31. Sonderfan AJ, Arlotto MP, Dutton DR, McMillen 
SK and Parkinson A, Regulation of testosterone 
hydroxylation by rat liver microsomal cytochrome P- 
450. Arch Biochem Biophys 255: 27-41, 1987. 

32. Imaoka S, Terano Y and Funae Y, Constitutive 
testosterone 6Bhydroxylase in rat liver. J Biochem 
(Tokyo) 104: 481-487, 1988. 

33. Imaoka S, Inoue K and Funae Y, Aminopyrine 
metabolism bv multiple forms of cvtochrome P-450 
from rat livermicrosomes: Simultaneous quantitation 
of four aminopyrine metabolites by high-performance 
liquid chromatography. Arch Biochem Biophys 265: 
159-170, 1988. 

34. LeBlanc GA and Waxman DJ, Feminization of rat 
hepatic P-450 expression by cisplatin: Evidence for 
perturbations in ihe hormonal regulation of steroid- 
metabolizine enzvmes. J Biol Chem 263: 15732-15739. 
1988. ” ’ 

37. 

38. 

35. Thummel KE and Schenkman JB, Effects of 
testosterone and growth hormone treatment on hepatic 
microsomal P450 expression in the diabetic rat. Mol 
Pharmacol37: 119-129, 1990. 

36. Jansson J-O. Ed&r S and Isaksson 0, Sexual dimorphism 
in the control of growth hormone secretion. Endocr 
Rev 6: 128-150, 1985. 
Kato R, Yamazoe Y, Shimada M, Murayama N and 
Kamataki T, Effect of growth hormone and ectopic 
transplantation of pituitary gland on sex-specific forms 
of cytochrome P-450 and testosterone and drug 
oxidations in rat liver. J Biochem (Tokyo) 100: 895- 
902, 1986. 
Yamazoe Y, Murayama N, Shimada M, Yamauchi K, 
Nagata K, Imaoka S, Funae Y and Kato R, A 
sex-specific form of cytochrome P-450 catalyzing 
propoxycoumarin 0-depropylation and its identity with 
testosterone 6B-hydroxylase in untreated rat livers: 
Reconstitution of the activity with microsomal lipids. 
J Biochem {Tokyo) 104: 7851790, 1988. _ 
Waman DJ, Morrissey JJ and LeBlanc G, Female- 
predominant rat hepatic P-450 forms j (IIEl) and 3 
(IIAl) are under hormonal regulatory controls 
distinct from those of the sex-specific P-450 forms. 
Endocrinology 124: 2954-2966, 1989. 
Arlotto M and Parkinson A, Identification of 
cytochrome P450a (P450IIAl) as the principal 
testosterone 7cu-hydroxylase in rat liver microsomes 
and its regulation by thyroid hormones. Arch Biochem 
Biophys 270: 458-471, 1989. 
Schmitt GW, Shehadeh I and Sawin CT, Transient 
gynecomastia in chronic renal failure during chronic 
intermittent hemodialysis. Ann Intern Med 69: 73-79, 
1968. 
Handelsman DJ, Hypothalamic-pituitary gonadal dys- 
function in renal failure, dialysis and renal trans- 
plantation. Endocr Rev 6: 151-182, 1985. 
Holdsworth S, Atkins RC and de Kretser DM, The 
pituitary-testicular axis in men with chronic renal 
failure. N Engl J Med 296: 1245-1249, 1977. 

39. 

40. 

41. 

42. 

43. 


