
ABBREVIATIONS: RLM6, rat liver microsomal P450 band 6 in the 45-62-KDa region of sodium dodecyl sulfate-polyacrylamide gel electrophoresis

counting from anode to cathode; STZ, streptozotocin; PCN, pregnenolone-1 6-a-carbonitrile; hGH, human growth hormone; rGH, rat growth hormone;
T3, triiodothyronine; T4, tetraiodothyronine; RIA, radioimmunoassay; rGRF, rat growth hormone-releasing factor.
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SUMMARY

The profile of hepatic microsomal cytochrome P450 expressed
in the male and female rat was dramatically altered by strepto-
zotocin-induced diabetes. In the diabetic male, P450 forms IlCi 1,
IIC1 3, IlA2, and lllA2 were suppressed and forms lIAl and IIC1 2
were induced to the levels observed in the immature male rat. A

6- to 8-fold induction of P450 IlEl was detected in both male
and female diabetic rats. A member of the P450 lilA family was
also induced in the diabetic female rat. Accompanying the change
in P450 profile in the diabetic male rat was a reduction in
circulating testosterone and tetraiodothyronine concentrations
and a sharp diminution of the normally pulsatile pattern of growth
hormone secretion. In contrast to the male rat, the growth
hormone secretion pattern in the diabetic female rat was un-
changed from control. The hormone and P450 profiles detected
in the diabetic male rat suggest a reversion to an immature
physiological state. Testosterone replacement treatments car-
ned out for 2 weeks slightly but significantly affected the suppres-
sion of P450 IIC1 1 and reversed the changes in P450 llA2, IIIA2,

and IIC1 2 in the diabetic male, without altering the suppressed
state of growth hormone secretion. However, 1 week of human
growth hormone, administered intravenously every 4 hr to dia-

betic male rats, failed to significantly reverse the diabetes-in-
duced changes in hepatic cytochromes P450, in particular forms
lICi 1 and lIEl , despite the presence of an episodic plasma hGH
profile. An induction of P450 lIEl in diabetic female rats, without
a reduction in growth hormone secretion, suggests that its
induction in diabetes in both sexes is not related to changes in
growth hormone. In addition, the results of testosterone treat-
ment on the expression of IlCi 2, llA2, and lllA2 in the diabetic
male rat suggest a regulatory role for this hormone that does
not involve the pituitary secretion of growth hormone. However,
the lack of effect of human growth hormone treatment in the
diabetic male on levels of individual P450 forms indicates that in
diabetes there may be a change in the ability of the male rat
hepatocyte to respond to a somatic signal, possibly as a result
of the changes in other hormone factors.

The metabolism of many xenobiotics and endogenous mole-

cules catalyzed by the hepatic cytochrome P450 family of

enzymes is altered under different physiological and patho-

physiological states. In the rat, activities of some members of

this enzyme system are regulated by the status of pituitary,

gonadal, pancreatic, and possibly thyroid hormone secretion;

these activities are manifest in striking age and sex differences

in xenobiotic metabolism (1-4). Such differences in metabolism

have been seen to be due to changes in levels of individual

forms of cytochrome P450 in the liver microsomes (5-9). In

addition to developmental changes in hepatic microsomal cy-

tochrome P450 composition, pathophysiological conditions

such as diabetes (10-12) and hypertension (13) are known to

influence microsomal xenobiotic metabolism. These changes,

too, appear to be exerted by alterations in hepatic microsomal

cytochrome P450 composition (14-18).

This work was supported in part by United States Public Health Service

Grant GM-26114.

The diabetes-associated changes in hepatic microsomal cy-

tochrome P450 expression can be reversed by daily insulin

replacement therapy (16-18). However, although this treat-

ment is highly effective, it provides no indication as to the

mechanism responsible for changes in the levels of the individ-

ual forms of cytochmome P450 in the diabetic mat. Favreau et

al. (16, 18) have suggested that in the diabetic rat levels of

P45011E1 (RLM6)’ might be modulated by metabolic ketosis

associated with the disease. Levels of P45OIIC11 (RLM5) have

been suggested to be controlled by growth hormone (8, 9). In

diabetes the pulsatile pattern of growth hormone secretion is

rapidly lost, perhaps explaining the rapid disappearance of

P45OIIC11 and another male-specific form of P450, IIC13

(RLM3), in the diabetic male rat (17). However, other hormonal

‘ Individual rat liver P450 forms have been introduced by the RLM designation

used in this laboratory and, when known, by their gene designation (19): P45011A1

= RLM2b, P45011A2 = RLM2, P-4511C13 = RLM3, P45011C12 = fRLM4,
P45011C11 = RLM5, P45OIIE1 = RLM6, and P450I11A2/A1 = PCN-2 (consti-

tutive) and PCN-1 (induced) forms, respectively, recognized by anti-PCN-E.
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changes such as reductions in plasma testosterone (20) and

thyroid hormone (21) accompany development of diabetes,

thereby complicating the picture.

In this study we have sought to evaluate the mole of growth

hormone and testosterone in the changes seen in individual

hepatic microsomal cytochrome P450 levels in the diabetic rat

and to gain a clearer understanding of the homeostatic regula-

tion of members of this important enzyme system. Toward that

goal, a STZ-tmeated rat model for diabetes was used, in con-

junction with hormone replacement therapies.

Materials and Methods

Animal model and treatments. Male and female CD rats, 7 weeks

of age, were purchased from Charles Rivers Breeding Laboratories

(Wilmington, MA). The animals were housed individually in suspended
metal cages and maintained on a 12 hr light/dark cycle, with standard

chow and water available ad libitum. At 8 weeks of age, the animals
were divided into control and diabetic groups. Rats in the diabetic
group received a single (65 mg/kg) tail vein injection of STZ (Sigma).

Rats in the control group received an equal volume of the 50 mM

sodium citrate, pH 4.5, vehicle. The development of diabetes in the

STZ-treated group was confirmed by positive urine glucose dip test

values of 1000+ or higher (Bili Lab Stix, Ames, IN) and the lack of

significant weight gain during the course of the 4-week study. Twelve

days after the administration of STZ, silastic/PE-50 catheters were

surgically implanted into the right jugular vein of male and female rats
from both control and diabetic groups, using ethyl ether anesthesia, as

previously described (22). The catheters were flushed daily with a

heparin/saline solution for the duration of the study. Two weeks after
the STZ dose, both catheterized and uncatheterized rats in the diabetic

group were subdivided into smaller groups for hormone replacement
therapy. Animals with catheters received hormone treatments for a

period of 1 week. Some diabetic male and female rats remained Un-
treated (D). Groups of diabetic male rats received one of the following

treatments: 1) a single daily subcutaneous injection of 250 �tg of

testosterone propionate ( 1 mg/ml in a saline suspension) for a period

of either 1 or 2 weeks (D+T); 2) 10 �g of rGRF (a bolus of 100 jzg/ml

in saline) (Peninsula Laboratories) via the jugular vein, every 8 hr, for

a period of 1 week (D+rGRF); 3) 50 jzg of hHG (2.4 units/mg) (National

Hormone and Pituitary Program, National Institute of Diabetes and

Diseases of the Kidney), a bolus via the jugular vein, every 4 hr, for a

period of 1 week (D+hHG); or 4) 2 units of human insulin (NPH-

isophane; Squibb) subcutaneously at 7 a.m. and 6 units at 5 p.m., daily,

for a period of 1 or 2 weeks (D+I). One group of uncatheterized female

diabetic rats received the insulin therapy described above for a period

of 2 weeks.

Tissue collection. Blood was collected from uncatheterized control

and diabetic male rats through the tail vein at 0, 1, 2, 3, and 4 weeks

after the administration of STZ. Plasma was rapidly separated and

stored at -20’ for the analysis of glucose and testosterone levels. Serial

blood samples were collected through the jugular vein catheter in rats

from D, D+T, D+rGRF, D+hGH, and D+I treatment groups 3 weeks

after the administration of STZ and 1 week after hormone therapy was

initiated. Volumes of approximately 150 �zl were removed every 30 mm

between 10 a.m. and 3 p.m. and were placed in heparinized capillary

tubes. Isotonic saline was injected into the rats after each sample was

taken, to replace the volume removed. Blood was immediately centri-
fuged and the resulting plasma was frozen on dry ice and then stored
at -80’ until analyzed for either rGH or hGH and, in some samples,

testosterone.
All animals in this study were killed by decapitation at either 1 or 2

weeks after hormone treatments were initiated. After removal of the
liver, microsomes were isolated by the method of aggregation by calcium

(23) and were then stored at -80’ in 0.25 M sucrose until Western blot
analyses were performed. Total microsomal P450 was determined by

the method of Omura and Sato (24) and protein was measured by the

Biuret method (25).

Hormone analysis. Serum or plasma glucose was measured by a
glucose oxidase procedure (Sigma Bulletin No. 510). Testosterone was

measured in 25 or 50 ,�l of plasma by use of an RIA kit (Radioassay

Systems Laboratories, Carson, CA) after prior triple extraction with

4: 1 diethyl ether/chloroform. After extraction, the solvent was removed

under N2 and the remaining solid was redissolved in blank serum

provided with the kit, at 37’ for 30 mm. rGH was measured in 50 Ml of

plasma by RIA using anti-rGH antiserum provided by Dr. A. Parlow,

Pituitary Hormone Anti-sera Center and NIDDK. Growth hormone

concentrations were quantitated relative to NIDDK-RP-2 standard.

hGH was measured in 50 � of plasma from D+hGH-treated rats, using

a commercially available RIA kit (Quantitope HGH; Kallestad Diag-

nostics, Austin, TX). T3, T4, and T3 uptake were measured in plasma

obtained from uncatheterized male control and diabetic rats (3 weeks

after STZ), also using commercially available kits (Ciba-Corning).

Western blot analysis. Seven cytochrome P450 forms were quan-
titated in liver microsomes by the immunochemical method of Towbin
et al. (26), as modified by Favreau and Schenkman (18). The microso-

mel levels of individual P450 forms were estimated relative to previ-

ously purified standards, using polyclonal antibodies made specific by

immunoabsorption or using monoclonal antibodies. Electrophoretic

separation of RLM2b and RLM2 allowed quantitation of both P450

forms using anti-RLM2 IgG, as previously described (27). Monospecific

anti-RLM3, -RLM5, -RLM6, and -fRLM4 have also been described
(17, 18). Monoclonal anti-PCN-E (clone 2-13-1) was kindly provided
by Dr. Harry Gelboin (National Institutes of Health) and has been

described earlier (28). The intensity of alkaline phosphatase-mediated

stained P450 bands was measured by laser densitometry.

Results

Physiological Changes in the Diabetic Rat

Circulating glucose concentrations were uniformly high in

STZ-tmeated mats of both sexes, in comparison with controls

(Table 1). Except for insulin, none ofthe hormone replacement

treatments altered this manifestation of the diabetic state. The

insulin regimen employed lowered glucose levels towards nor-

mal (male) or slightly below (female), at least at the time blood

samples were taken (3 hr after the morning insulin injection).

In the STZ-treated male mat, testosterone concentrations

declined steadily, compared with control, over a 4-week period

(Fig. 1). Testosterone levels in diabetic rats were significantly

different from control at 2, 3, and 4 weeks and by 4 weeks were

approximately 34% of testosterone levels detected in age-

matched controls. Within the control treatment groups, theme

was considerable interanimal variability (Fig. 1; Table 2). Tes-

tosterone concentrations are known to fluctuate during the

course of a day (29), and this most likely accounts for the

variability seen. Indeed, serial blood samples taken from control

and diabetic rats (3 weeks after STZ) show an oscillation in

testosterone concentration over time (Fig. 2).

The normally pulsatile pattern of growth hormone secretion

in the male mat was markedly diminished following STZ injec-

tions (Fig. 3A). In some diabetic mats, blood levels reached as

high as 140 ng/ml at times but, in general, growth hormone

levels in the diabetic group lacked the high peaks associated

with the male rat. Trough concentrations in the diabetic male,

however, were still very low (Fig. 3a; Table 3), as charactemis-

tically seen in the normal adult male. Concentration-time

curves of growth hormone in the adult female mat (Fig. 3B)

were much flatter than those curves from the adult male. Unlike

in the male mat, STZ treatment did not appear to alter the
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TABLE 1

Body weight and circulating glucose concentration in diabetic and hormone-treated diabetic rats
Eight-week-old rats received either 65 mg/kg STZ (D) or citrate buffer (C). Two weeks later, groups of diabetic rats were treated with either testosterone propionate

(D+T) subcutaneously, rGRF (D+rGRF) intravenously, hGH (D+hGH) intravenously, or insulin (D+l) subcutaneously, as described in Materials and Methods. Each value
represents the mean of three to six rats ± standard deviation.

Duration C D D+T D+rGRF D+hGH D+l

weeks

Male
Body weight (g) 1 360 ± 17 251 ± 27 262 ± 23 236 ± 20 264 ± 18 294 ± 33

2 382 ± 25 251 ± 40� 248 ± 42
Serum glucose (mg/dl) 1 148 ± 20 491 ± 848 539 ± 60� 559 ± 63 61 5 ± 60 188 ± 1018

2 160±5 494±97k 485±678
Female

Bodyweight(g) 2 242±7 190±118 233±4a��
Serum glucose(mg/dl) 2 162 ± 13 530 ± 31 93 ± 168b

a Statistically different from control, p < 0.05 by the Student t test (cochran’s method).
a Statistically different from diabetic, p < 0.05.

7

6

5

4.

3�

-0� control male

. diabetic male

2

1

0

0

Fig. 1. Decline in serum testosterone concentra-
tion in the adult male rat, following the administra-
tion of STZ. Male 8-week-old rats were given
either a single 65 mg/kg injection of STZ or so-
dium citrate buffer, intravenously. Blood samples
were collected through a jugular vein catheter or
from a tail vein, at the time intervals indicated.
Testosterone was measured in plasma as de-
scribed in Materials and Methods. Each point
represents the mean ± 1 SD of 6-1 2 rats. 85te-
tistically different from control, p < 0.05, using
Student’s t test (Cochran’s method).

STZ

2 3 4

Time (weeks)

TABLE 2
Eftect of hormone replacement therapy on circulating testosterone concentrations in the diabetic male rat
Treatments are described in Table 1 and in Materials and Methods. Testosterone was measured in plasma as described in Materials and Methods and its concentration
is reported in ng/ml. Each value represents the mean of three to six rats ± 1 SD, except for the 1 -week D+T group, which is the mean of two rats.

Duration C D D+T D+rGRF D+hGH D+l

weeks

1 3.7 ± 0.8 1 .1 ± 0.68 2.6 ± 0.6’s 0.6 ± 0.38 0.6 ± 0.88 3.4 ± 1.3”
2 3.0 ± 1 .0 1 .0 ± 0.4k 3.3 ± 1 .Ob
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E

0

Cl)
0

Cl)
V

E
Cl)

a Statistically different from control, p < 0.05, by Student’s t test (cochran’s method).
a Statistically different from diabetic, p < 0.05.

pattern of growth hormone secretion in the female rat (Fig. 3B;

Table 3).

Circulating thyroxine concentrations were also measured in

untreated and diabetic (3 weeks after STZ) male rats. T4 levels

dropped some 84%, from 6.1 ± 0.7 �sg/dll to 1.0 ± 0.4 �tg/dl, 4

weeks after the administration of STZ. No significant change

in T3 concentrations or the T3 uptake ratio was observed, but

it was noted that the results in individual rats were variable.

Hepatic P450 in the diabetic rat

Total spectrally determined cytochmome P450 in liver micro-

somes from diabetic male mats was significantly increased, some

42% above control (Table 4). Despite the increase in total P450,

the major P450 forms normally expressed in the adult male rat,

RLM5 (IIC11) and RLM3 (IIC13), were nearly absent in dia-

betic rats (Table 4). The microsomal content of another male-

specific P450 form, RLM2 (11A2), also declined significantly in

diabetic rats, compared with control, by 3 and 4 weeks after

the STZ dose. We had previously reported that the time course

of decline in hepatic microsomal RLM2 in the diabetic rat

proceeded at a different rate, e.g., more slowly, than the decline

in RLM5 or RLM3 (30). Although there was some variability

between mats, the average RLM2 levels measured in this study

were 29% of control by 3 weeks after the administration of

STZ (Table 4) and remained diminished by week 4. The hepatic

microsomal content of P450 111A2 was probed using an anti-

PCN-E antibody, which recognizes the constitutive form as

well as the inducible form, P450 PCN-E (IIIA1). Quantitation

of immunoreactive 111A2/A1 protein is reported relative to the

amount detected in untreated, age-matched, control male mats.

P450 IIIA2/A1 levels measured in microsomes from untreated

male rats were very variable (Table 4). This variability was
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Fig. 2. Concentration-time curves of testosterone
in plasma from three individual control (0) and
three diabetic 4 rats. Blood samples were ob-
tamed through jugular vein catheters 3 weeks
after the administration of STZ or vehicle. Testos-
terone was measured as described in Materials
and Methods.

300

15:00

Fig. 3. Concentration-time curves of rGH in plasma

from representative control (0) and diabetic () male
(A) and female (B) rats. rGH was measured by AlA as
described in Materials and Methods. Plasma samples
were obtained from rats 3 weeks after the administra-
tion of STZ or vehicle. Time scale is in minutes from
start of blood collection (1 0 am.), every 30 mm (until 3
p.m.).
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magnified in diabetic male rats; however, there was a significant

decline detected in mats that were diabetic for 4 weeks, compared

with controls. Because the antibody used to probe this P450

detects both the uninduced (P450 IIIA2) and induced form

(P450 IIIA1), there is the possibility that the data are a com-

posite of conflicting trends for changes in two forms of the

same gene family (31).

In contrast to the male-specific P450 forms, RLM2b (IIA1)

content in liver microsomes from diabetic mats increased some

3-fold by 3 weeks after STZ, compared with controls (Table 4).
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TABLE 3
Effect of hormone replacement therapy on circulating growth hormone concentrations in the diabetic rat
Treatments are described in Table 1 and in Materials and Methods. rGH or hGH were measured in plasma by AlA procedures described is Materials and Methods and
the concentration is reported in ng/ml. Quantitation of rGH was calculated relative to NIDDK-RP-2 standard. Values represent the mean of three to six rats ± 1 SD
except for D+rGRF, which is from a single rat.

Parameter8 C D D+T D+rGRF D#{247}hGHb D+I

Male
Peak concentration 272 ± 94 91 ± 66 48 ± 3 384 2,037 ± 386* 123 ± 65*
Trough concentration 2.1 ± 0.7 1 .5 ± 0.3 1 .7 ± 0.5 2.1 <2.0 2.0 ± 0.3
Mean concentration 62 ± 27 18 ± 9* 14 ± 1 � 30.5 172 ± 46** 26 ± 8*

Female
Peak concentration 55 ± 51
Trough concentration 5.6 ± 1.4
Mean concentration 18 ± 9

101 ± 82
6.7 ± 4.2
30 ± 21

a Maximum, minimum, and mean concentrations measured during a 5-hr period of blood collection between 1 0 am. and 3 p.m.

a hGH measured in this group.
C Statistically different from control, p < 0.05, by Student’s t test (cochran’s method).
d Statistically different from diabetic, p < 0.05.

TABLE 4

Effect of supplemental hormone treatment on the hepatic microsomal content of cytochrome P450 in the STZ treated male rat
Supplemental treatments described in Table 1 were initiated 2 weeks after the administration of STZ and continued for 1 or 2 WeekS as indicated. Values are mean of
three to seven rats ± 1 SD.

P450 form
1 Week of treatment

C D D+rGRF D+hGH

nrnol/mg ofmk�rosomaI protein

Total P450” 1.01 ± 0.15 1.46 ± 0.17c 1.44 ± 0.07c 1.24 ± 0.04cd
RLM2b/IIA1 0.03 ± 0.01 0.11 ± 0.03c 0.15 ± 0.02c 0.08 ± 0.02c
RLM2/llA2 0.05 ± 0.01 0.01 ± 0.01� 0.01 ± 0.01c 0.03 ± 0.01�
RLM3/llC13 0.26 ± 0.07 0.06 ± 0.06c 0.08 ± 0.05c
fRLM4/IlCl2 ND 0.04 ± 0.04 0.03 ± 0.01 ND
RLM5/llCll 0.41 ± 0.06 0.05 ± 0.03c 0.02 ± 0.01 0.10 ± 0.04c
RLM6/lIEl 0.05 ± 0.01 0.35 ± 0.10c 0.30 ± 0.05c 0.27 ± 0.05c
P45011lA2/A1 100 ± 40% 64 ± 61 % 98 ± 58%

P450 Form
2 weeks of treatment

C 0 D+T D+l

nmol/rng of microsomeipwtein

Total P450 0.92 ± 0.06 1.31 ± 0.1& 1.43 ± 0.03c 0.94 ± 0.20d
RLM2b/llAl 0.03 ± 0.00 0.12 ± 0.02c 0.12 ± 0.01c 0.02 ± 0.00”
RLM2/llA2 0.04 ± 0.00 0.01 ± 0.02c 0.04 ± 0.01 “ 0.03 ± 0.00c
RLM3/llCl3 0.16 ± 0.10 0.02 ± 0.02c 0.13 ± 0.15 0.21 ± 0.OV’
fRLM4/1lC12 ND 0.03 ± 0.01 ND ND
RLM5/IIC11 0.42 ± 0.09 0.02 ± 0.01� 0.08 ± 0.01’�’ 0.37 ± 0.02”
RLM6/llEl 0.04 ± 0.01 0.34 ± 0.06c 0.37 ± 0.04’� 0.04 ± 0.01 d

P45OlllA2/A1 1 00 ± 24% 41 ± 40%C 1 10 ± 1 7%d

a Individual forms were quantitated by Westem blot analysis, as described in Materials and Methods.
a Spectrally determined from the reduced P450-CO complex.
C Significantly different from control, p < 0.05, using Student’s t test (cochran’s method).
d Significantly different from diabetic, p < 0.05.
. ND, not detected.

RLM2b is a major component of microsomal P450 in the

immature male and female rat liver (approximately 14% of the

P450) and, in a comparison with RLM2 (27) was found to be

suppressed in the adult male following puberty. The elevation

of RLM2b observed in microsomes of the diabetic male mat and

the decline in the male-specific P450 forms is suggestive of a

conversion to a feminine physiological state or a reversion to a

more immature state. In support of this suggestion, fRLM4

(11C12), a normally female-specific P450, was detected in mi-

crosomes from the adult diabetic male rat (Table 4) at about

3% of the P450, 3 and 4 weeks after STZ. The levels detected,

however, were much lower than those in the adult female (Table

5) but are comparable to the levels found in the 4-week-old

immature male mat (6, 27). A large portion of the increase in

total hepatic P450 detected in microsomes from the diabetic

male rat appears to be the result of a 6- to 8-fold increase in

RLMG (IIE1) content, detected at 3 and 4 weeks after STZ

(Table 4). The level of RLM6 was also increased 5- to fl-fold in

the diabetic female mat, in comparison with control (Table 5).

RLMG is a major P450 component of the immature male and

female mat (27, 32) but declines in the maturing rat of both

sexes, from a peak at 1-2 weeks to low levels when the animals

are sexually mature. Peak RLM6 levels in the diabetic rat,

however, were higher than peak levels observed in the 1-week-

old mat.

In the female rat, diabetes did not cause any significant

change in fRLM4 levels (Table 5), consistent with the above

lack of change in the growth hormone profile in the diabetic

female rat. RLM2b levels also did not change in the diabetic

female rat, compared with control. None of the male-specific

P450 forms were detected in liver microsomes from the diabetic

female mat. Levels of P450 111A2/A1, which are very low in the
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TABLE 5
Effect of supplemental hormone treatment on the hepatic
microsomal content of cytochromes P450 in the STZ-treated female
rat
Treatments are the s ame as in Table 4.

P450 form
2 WeekS of treatment

C D D+l

I7rnoI/mg ofmicrosomal protein

Total P450 0.69 ± 0.09 1 .20 ± 0.208 0.66 ± 0.08b
RLM2b/IIA 0.11 ± 0.00 0.12 ± 0.02 0.07 ± 0.02”
RLM2/IIA2 NDC ND ND
RLM3/IIC13 ND ND ND
fRLM4/IIC12 0.21 ± 0.05 0.18 ± 0.05 0.19 ± 0.04
RLM5/IIC11 ND ND ND
RLM6/llEl 0.06 ± 0.02 0.32 ± 0.058 0.08 ± 0.01 b

P45OIIIA2/A1 7 ± 6% 47 ± 8%8 7 ± 5%b

adult female, relative to male, increased in the diabetic female

compared with control, from 7% to 47% of normal adult male

levels (Table 5), illustrating the difference in the regulation

between this P450 form(s) and the other male-specific forms.

Hormone Replacement in the Diabetic Rat

In an attempt to determine the factors controlling the chang-

ing levels of the individual forms of P450, hormone replace-

ments were implemented.

Testosterone propionate. Daily injections of testosterone

propionate into the diabetic male mat increased circulating

testosterone concentrations significantly, from 34% of control

to 70% and 110% of control after 1 and 2 weeks of treatment,

respectively (Table 2). Although daily testosterone administra-

tion restored testosterone concentrations to near normal levels,

after 1 week of treatment growth hormone secretion was still

suppressed in testosterone-treated diabetic (D+T) rats (Fig.

4A). There was essentially no difference in peak, trough, and

mean growth hormone concentrations between diabetic and

D+T rats (Table 3). Nevertheless, of the P450 forms examined,

daily testosterone treatment had a statistically significant effect

on RLM2, fRLM4, RLM5, and P450 IIIA2/A1 (Table 4). The

microsomal contents of both RLM2 and P450 IIIA2/A1 were

restored to control levels by testosterone replacement. Simi-

larly, whereas fRLM4 appeared in the adult diabetic male rat,

testosterone administration resulted in its disappearance (Ta-

ble 4). Testosterone administration also partially restored

RLM5 content in diabetic rat microsomes (Table 4) to a level

4-fold higher than the content in microsomes from diabetic

male rats.

rGRF. The reduction in growth hormone secretion from the

pituitary of STZ-treated male rats is thought to be the result

of constant pituitary suppression by high circulating concen-

tmations of somatostatin, which arise from extrahypothalamic

sources (33). mGRF was administered intravenously to diabetic

male rats in an effort to override the effects of somatostatin

and cause a normal release of growth hormone from the pitui-

tary. Because of a limited supply of releasing factor, rGRF was

administered every 8 hr for 1 week. rGRF did cause a pulsed

release of growth hormone (Fig. 4B) but, although the magni-

tude of the peak was quite high, the duration was brief. Growth

hormone concentrations rapidiy dropped to trough concentra-

tions within 90 mm after the rGRF dose was administered. In

o8�o

Fig. 4. Concentration-time curves of growth hormone in plasma obtained
from individual male diabetic rats that received testosterone (A) or rGRF
(B)therapyfor a period of 1 week, as described in Materials and Methods.
Serial blood samples were collected 3 weeks after the administration of
STZ (at the end of the 1-week treatment period). rGH was quantitated
by AlA as described in Materials and Methods. The plasma testosterone
concentration in the rat represented in A was 3.1 ng/ml at the time the
last serial blood sample was collected. rGRF was administered to the
rat represented in B at 8 am. and at 4 p.m.

addition, over the next 6.5 h an even greater degree of growth

hormone suppression than was seen in the diabetic male oc-

curred (contrast Fig. 4B and Fig. 3A). Not unexpectedly, cim-

culating testosterone concentrations in D+rGRF rats were

quite low, 16% of control levels, and comparable to the levels

seen in matched diabetic mats (Table 2). Despite the episodic

pattern of growth hormone concentration in diabetic rats given

the releasing factor, 1 week of treatment did not change the

profile of hepatic micmosomal P450 in D+rGRF from that found

in diabetic male rats (Table 4).

hGH. In an effort to circumvent the pituitary and still

simulate a male pattern of growth hormone concentration, hGH

was administered intravenously to diabetic mats, every 4 hm, for

a period of 1 week. Peak hGH concentrations following the 50-

/Lg dose were 7.5-fold higher than the peak rGH levels detected

in normal adult male mats (Fig. 5A; Table 3). Over the next 2

to 3 hr, peak hGH concentrations rapidly decreased to below 4

ng/ml. In general, the periods of high and low growth hormone

concentrations seemed comparable to those found in the normal

adult male mat (Fig. 3A). Treatment with hGH did not cause

an increase in circulating testosterone concentration above that

observed in diabetic rats (Table 2).

Although a male pattern of growth hormone concentrations
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Fig. 5. Concentration-time curves of hGH (A) or
rGH (B) in plasma obtained from individual diabetic
rats that received either hGH or insulin therapy,
respectively. Hormone treatments and measure-
ments are described in Materials and Methods.
BlOOd samples were collected 3 weeks after the
administration of STZ (at the end of the 1-week
treatment period). hGH was administered to the rat
represented in A at 10 am. and 2 p.m. Insulin (2
units) was administered to the rat represented in B

at 7 am.

was achieved in D+hGH rats, the profile of cytochmome P450

forms measured in liver microsomes was essentially no different

from the diabetic male profile (Table 4). Individually, the levels

of RLM2b, RLM2, RLM5, RLM6, and P450 111A2/A1 all

changed from the diabetic profile towards the profile of a

normal male rat, but none of these changes proved statistically

significant. P450 form fRLM4 was undetected in liver micro-

somes from hGH-treated diabetic mats, an effect also observed

following testosterone treatments.

Insulin. Insulin treatment represented a positive control in

this study. Daily injections for 1 week restored circulating

testosterone concentrations of the D+I male mat to normal

(Table 2). The effect of insulin on growth hormone secretion,

however, was less than expected in this period (Fig. SB). Peak

and mean growth hormone concentrations in D+I rats were

only marginally higher than the levels in diabetic rats (Table

3). Blood samples collected in this study were drawn between

3 and 8 hr after the lower morning insulin dose. In one animal,

blood samples were drawn in the evening after the larger of the

two daily insulin injections had been administered and while

the animal was actively feeding. Again, both the peak and mean

growth hormone concentrations were 1/2 the average peak and

mean concentrations in the control male group. Nevertheless,

the insulin-treated diabetic male mat had a hepatic P450 profile

that was essentially the same as that of the control male rat

(Table 4). In particular, the levels ofthe most responsive forms,

RLM5 and RLMG, in microsomes from D+I rats were 88% and

100% of control, respectively. Insulin treatment for 2 weeks

also reversed the effect of diabetes on microsomal RLM6 and

P450 IIIA2/A1 content in the female rat (Table 5).

Discussion

Rat liver microsomal cytochmome P450 is a family of adaptive

enzymes, several of which responded to the pathophysiological

changes that occur in diabetes. The individual forms of P450

responded differently to the diabetic conditions in both male

and female mats.

The overall pattern of changes in hepatic microsomal P450

expression in the diabetic male rat is suggestive of a reversion

to an immature physiological state where high growth hormone

pulses are absent and testosterone concentrations are lower

than in the adult. Although there are many similarities in the

P450 profile expressed in the diabetic male and the adult female

mat, both the low level of 11C12 and the low trough growth

hormone concentrations detected in the diabetic male mat do

not necessarily indicate a feminization of the rat. All of the

changes in hepatic microsomal P450 detected in the diabetic

male mat (Table 4) (18, 34, 35) and in the diabetic female rat
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(Table 5) are reversed by daily injections of insulin. Although

insulin alone is effective, the possibility that its actions are

indirect was addressed using other hormone replacements.

Of the P450 forms examined in this study, only IIE1 levels

were altered by diabetes to a similar degree and direction in

both male and female rats. This finding is significant, given

the distinctly different patterns of growth hormone secretion

(Fig. 3) detected in the diabetic male (low troughs and low

peaks) and normal and diabetic female (high troughs and low

peaks). If P450 IIE1 expression in the adult rat is inhibited by

growth hormone (36), then its elevation in diabetes would be

expected only in the male mat. A sex difference was not observed,

and it seems more likely that the elevation of IIE1 is a response

to metabolic ketosis in both male and female rats. To some

extent, the diabetic mat resembles the 2-week-old mat in that

micmosomal IIE1 levels are high (compared with the newborn

and adult) and fat serves as a major energy source. A state of

metabolic ketosis exists in both the nursing pups (37) and adult

diabetic rats (12, 38). In addition, the rapid rise and subsequent

decline in IIE1 levels in the immature rat, between the ages of

0 and 4 weeks (30, 32), correspond to the active nursing and

then weaning phases in the rat’s life, respectively, and are also

accompanied by a concomitant rise and then fall in circulating

ketone body concentrations (37).

A mechanistic mole for growth hormone in the induction of

IIE1 in the diabetic male mat has not been completely ruled out.

The lack of a significant effect of growth hormone replacement

treatments on any of the diabetes-induced changes in hepatic

P450, particularly I1C11, suggests that in our study the growth

hormone signal was not received or was not interpreted properly

by the diabetic rat hepatocytes. More elaborate hormone treat-

ments may be needed to demonstrate suppression of (or lack

of) IIE1 by growth hormone in the diabetic rat.

There is considerable evidence in the literature indicating a

regulatory role for growth hormone in the expression of P450

IIC11 in the male rat (8, 9, 39). The decline in this enzyme

content in the diabetic male mat is most likely a result of a

change in the pattern of growth hormone secretion from the

pituitary, which results in a reduced peak and mean plasma

level (Fig. 3A). Two growth hormone replacement treatments

were employed in order to confirm this hypothesis. Neither

treatment was effective in restoring IIC11 levels. Although it

can be argued that the periodicity of growth hormone peaks in

diabetic male rats receiving rGRF was too great for effective

IIC11 expression (Fig. 4B), it was surprising to find hGH

treatment equally ineffective at restoring the levels, given the

hGH concentration-time curves obtained in the latter animals

(Fig. 5A). Hypophysectomized male rats treated with hGH on

an even less rigorous intermittent schedule (every 12 hm) me-

portedly expressed IIC11 at near normal levels (8, 39). There

are similarities between the hypophysectomized and diabetic

animal models, but significant differences exist between them.

The former mat does not secrete growth hormone, and it simi-

larly lacks all of the pituitary trophic hormones, e.g., follicle-

stimulating hormone and luteinizing hormone, both of which

are diminished but present in the diabetic rat (20). Thyroid

function is also diminished in both diabetic (21) and hypophy-

sectomized rats. However, very low concentrations of insulin

and probably high concentrations of somatostatin are present

in the STZ-induced diabetic male rat (33, 40). Indeed, it is the

secretion of somatostatin from nonhypothalamic tissues that

is thought to cause the substantial inhibition of growth hom-

mone release from the pituitary in a diabetic male rat (33). The

lack of a growth hormone effect on P45OIIC11 levels in

D+hGH-treated mats may conceivably be due to inhibition by

the supraphysiological levels achieved or to a decline in hepatic

somatogenic receptor numbers or their inability to transmit a

growth hormone signal, the latter as a result of low insulin

and/or high somatostatin concentrations. A decrease in soma-

togenic receptor numbers in diabetic male and female rats has

been reported (41) and insulin treatment also reverses this

change. The fact that diabetic male mats treated with insulin

showed nearly normal levels of IIC11 and yet only modest peak

growth hormone concentrations further suggests that increased

insulin concentrations and/or reductions in somatostatin con-

centmation were important factors in the meexpression of IIC11

to normal adult levels and that growth hormone alone is not

sufficient for its regulation.

Another indicator of a restored “male” physiology in the

insulin-treated diabetic rat was the measurement of a normal

adult male testosterone concentration. Whether this was also

mechanistically important for the elevation in hepatic IIC11

content in D+I rats is not clear. Although testosterone is an

important regulator of normal growth hormone secretion in the

adult male rat (42), growth hormone secretion in the D+I male

mat was still reduced compared with control (Fig. SB), despite

the normal adult testosterone levels. Further, although testos-

terone concentrations in D+T mats similar to those in control

male rats did result in a small but statistically significant

increase in IIC11 levels, compared with levels in diabetic mats,

the suppressed state of growth hormone secretion was not

altered. Interestingly, in the neonatally castrated adult male

rat, the IIC11 level was found to be very low, and testosterone

administered for 1 week restored it to normal levels (43).

A stronger case can be made for a testosterone effect on

hepatic IIC12 content in the diabetic rat. As mentioned above,

the levels of 11C12 in the diabetic male mat at weeks 3 and 4

after STZ were similar to the levels found in the immature

male mat. The diabetic male rat lacked the continuous growth

hormone secretion necessary for a higher level of expression of

IIC12 such as that found in the adult female rat (7) but did

show low intermittent bursts of growth hormone secretion. It

is possible that in both cases, immature and diabetic rats,

growth hormone secretion in transition to or from an adult

pattern triggers a limited expression of IIC12. However, the

time course of change in growth hormone secretion after the

administration of STZ is reportedly rapid (33), in contrast to

the 2-3-week delay for the appearance of IIC12 (30). The time

course of decline in testosterone concentration (Fig. 1), how-

ever, followed more closely the appearance of IIC12 (Fig. 1). In

the adult male mat, testosterone is thought to be important in

maintaining low trough growth hormone concentrations

through its effects on hypothalamic control of pituitary growth

hormone secretion (42). A prolonged absence of testosterone

following prepubertal gonadectomy will reportedly result in

IIC12 (P450-female) expression in the adult male mat (43). In

the current study, treatment of diabetic male mats daily with

testosterone propionate achieved physiological testosterone

concentrations and completely prevented the appearance of

IIC12 (Table 4). However, this treatment did not affect the

pattern of growth hormone secretion (Fig. 3A versus Fig. 4A).

Therefore, the effect of testosterone on IIC12 expression would
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seem to be more direct rather than through the hypothalamo-

pituitary. It is suggested that the basal level of IIC12 expressed

in the diabetic rat is similar to the level found in the immature

mat and that it is inhibited by testosterone (found in the adult

and D+T male) or is induced by a pattern of continuous growth

hormone secretion such as is found in the adult female rat.

P45011A2 expression in the diabetic male rat was also altered

by testosterone treatment. Daily injections of testosterone pro-

pionate restored it to control male levels, suggesting that the

androgen either directly or indirectly stimulates 11A2 synthesis

or slows its rate of degradation. This enzyme is also a neonatally

imprinted, male-specific, P450 form detected in the developing

rat only after the onset of puberty (27, 44). Hepatic levels of

IIA2 in the adult male rat, however, were much lower than the

levels of other male-specific P450 forms, i.e., IIC11 or IIC13.

In addition, Waxman et al. (44) have reported that IIA2 was

not regulated by an episodic pattern of growth hormone secre-

tion, but rather was inhibited by growth hormone both in males

and females, and that only the low trough concentrations in

the male allowed some IIA2 to be expressed. Hypophysecto-

mized male and female rats reportedly had higher IIA2 levels

than their respective controls and, at least in males, intermit-

tent infusion with growth hormone partially reversed the in-

crease (44). In our studies, a decline in hepatic IIA2 was

observed by 3 and 4 weeks after the administration of STZ in

the diabetic male (Table 4), despite the markedly depressed

growth hormone concentrations. The data suggest the possibil-

ity of two conflicting effects, i.e., the disappearance of an

inhibitor, growth hormone, and the loss of a normally stimu-

latory or maintenance factor, testosterone. IIA2 was not de-

tected in microsomes from the diabetic female rat, consistent

with the lack of change in growth hormone concentrations

observed and the reported inhibitory properties of this hor-

mone.

The regulation of P450 111A2, another constitutive male-

specific P450 form, is reported to be remarkably similar to the

regulation of IIA2, and growth hormone has been shown to

have an inhibitory effect on its expression as well (44, 45). P450

IIIA2 is 89% homologous (31) to a PCN-inducible form, IIIA1

(PCN2, P450 PB-2a). The antibody used as a probe in the

current study, anti-PCN-E (clone 2-13-1, courtesy of Dr. H. V.

Gelboin), recognizes both forms, but only IIIA2 is present in

the untreated adult male (31, 44). In general, the effect of

diabetes on the content of lIlA forms in the male mat is similar

to its effect on IIA2. A considerable amount of variability

between animals in the diabetic groups was encountered, mak-

ing the results almost uninterpretable. However, 4 weeks after

the administration of STZ, P450 IIIA2/A1 levels detected in

the diabetic male were significantly lower than the levels in

age-matched controls (p < 0.05), in contrast to the elevation

of IIIA2 seen after hypophysectomy (44, 45). The apparent

discrepancy was resolved by the observation that testosterone

treatment prevented this decline (Table 4). This, as was the

case with IIA2, indicates a possible direct or indirect role for

androgen in regulating levels of the constitutive form IIIA2.

Variability in the amount of P450 IIIA2/A1 protein detected

in the diabetic group may reflect conflicting regulatory signals.

The absence of IIIA2 inhibition by growth hormone would

result in its elevation, and the reduction in levels of testosterone

would result in its suppression. However, it is not known

whether IIIA1 or another closely related member of the same

gene family also responds to the effects of diabetes. The pos-

sibility of an increase in levels of P450 IIIA1 or another closely

related form is suggested by the substantial (7-fold) increase in

immunomeactive protein in hepatic microsomes from the dia-

betic female mat, in which the appearance of IIIA2 was not

expected because the continuous female pattern of growth

hormone secretion was maintained despite the diabetic state.

A P450 protein that reacts with anti-P450 IIIA1 antibody is

found in hepatic microsomes from 1-2-week-old mats of both

sexes (31, 44). It has been suggested (44) that this form, which

declines in both sexes before puberty, may be distinctly differ-

ent from P450 IIIA2, which appears in the male rat after

puberty much as IIA2 does, and is different from P450 IIIA1,

whose mRNA is not detected in normal male or female mats of

any ages (31). The protein detected in the diabetic female mat,

and possibly a portion of the protein detected in the diabetic

male by anti-PCN-E, may represent the same P450 form found

in the 2-week-old rat.

Although it is not a sex-specific P450 form in the mat, P450

IIA1 does exhibit differential expression in the adult, with

much lower levels detected in liver microsomes of the male rat

than the female mat. The decline in IIA1 in the developing male

mat occurs just before and during puberty (5, 27, 46) and might

be the result of inhibition by developing high peak concentra-

tions of growth hormone or of decreased synthesis during

periods of low trough growth hormone concentrations. The

observed rise in IIA1, detected as early as 3 days after STZ

(data not shown) in the diabetic male but not in the diabetic

female, is consistent with an inhibition by growth hormone.2

Restoration of physiological testosterone concentrations with-

out changing growth hormone secretion did not alter the degree

of IIA1 elevation in diabetes and indicates that testosterone is

not responsible for the lower level of IIA1 in the pubescent or

sexually mature male mat.

In a paper that hasjust appeared, Yamazoe et al. (47) reported

on the administration of growth hormone, somatomedin C, and

insulin to the diabetic male rat and their effects on P450-male

(P450 IIC11), P450 6�3-1 (P450 IIIA2) P450b and e (P450 IIB1

and IIB2), and P448H expression in liver microsomes. These

investigators found that twice-daily injections of growth hor-

mone to the diabetic male rat had no effect on the suppressed

levels of P450-male, in agreement with the above results,

whereas the same treatment given to the hypophysectomized

male mat restored hepatic P450-male content towards the level

of a normal control. P450 IIIA2 was also found to decline

during the early weeks of diabetes but rebounded back to

control levels 5 weeks after alloxan treatment.

In conclusion, diabetes is a pathophysiological state that is

useful as a probe of microsomal hepatic cytochrome P450

regulation in the rat. Except for P450 IIE1, all of the changes

we report in P450 expression in the diabetic rat appear to arise

from a disruption of the sexually dimorphic physiological states

that are imprinted just after birth and develop during puberty.

The suppression of IIC11, IIC13, IIA2, and IIIA1/A2 and the

induction of hAl and IIC12, all in the diabetic male mat,

correlate well with changes in the secretion of either growth

hormone, testosterone, or some related factor that is altered

during puberty. In contrast, the induction of IIE1 in the diabetic

2 While this paper was undergoing review a paper has appeared [D. J. Waxman,

J. J. Morrissey, and G. J. LeBlanc, Endocrinology 124:2954 (1989)] that suggests

that high growth hormone pulses may suppress levels of IlAl.
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mat is again suggested to be the result of a state of metabolic

ketosis associated with the disease, as previously reported (16,

18, 35). The inability of the hormone replacement treatments

employed to fully reverse most of the effects on cytochrome

P450 forms limits the conclusions but also points to the com-

plexity associated with the regulation of this hepatic enzyme

system. Although most of the forms of P450 used reflect sex-

specific forms without human orthologs, thereby limiting ex-

trapolation of results reported from studies of the diabetic rat

to humans, some forms such as IIE1 do have orthologs in

human and other species, making studies such as provided in

this paper useful in conceptualizing moles for the individual

forms.
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