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Abstract

In diabetes, dysregulation of the hypothalamic-pituitary-adrenocortical (HPA) axis causes effects such as elevation of corticotropin (ACTH)
and glucocorticoids. Cholecystokinin and its receptors are involved in the HPA axis and influence the regulation of the HPA axis. We examined
adrenocortical function in Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a model of type 2 diabetes mellitus, that lack the
cholecystokinin A receptor. We measured adrenal weight, plasma ACTH, serum and urinary corticosterone, and serum leptin in OLETF rats at
5 to 36 weeks of age. Messenger RNA (mRNA) expression of 11β-hydroxysteroid dehydrogenase and 5α-reductase type 1 in adrenal glands of
the rats were examined. Long-Evans Tokushima Otsuka (LETO) rats were used as controls. In OLETF rats at 32 to 36 weeks of age, plasma
ACTH was significantly higher (P b .001); serum corticosterone and 24-hour urinary corticosterone were significantly lower (P b .005); and
adrenal weight was significantly lower (P b .005) than those in LETO rats. At the same ages, serum leptin in OLETF rats was significantly
higher (P b .001) than that in LETO rats. In the younger OLETF rats, these changes were not observed. Overall, there was an inverse correlation
between serum corticosterone and serum leptin (r = −0.374, P b .0005), whereas there was a positive correlation between plasma ACTH and
serum leptin (r = 0.654, P b .0001). At 5 and 36 weeks of age, mRNA expression of 5α-reductase type 1 in the adrenal gland of OLETF rats
was significantly higher (P b .05) than that of LETO rats, whereas there was no significant difference in mRNA expressions of 11β-
hydroxysteroid dehydrogenase types 1 and 2. We showed that adrenocortical insufficiency and adrenal atrophy were acquired in OLETF rats,
and the possibility of elevated serum leptin relates to this phenomenon.
© 2007 Elsevier Inc. All rights reserved.
1. Introduction

Dysregulation of the hypothalamic-pituitary-adrenocor-
tical (HPA) axis such as elevation of corticotropin (ACTH)
and glucocorticoids is observed in diabetes of both humans
[1,2] and rats [2-4]. In streptozotocin-diabetic rats, as a
model of type 1 diabetes mellitus, ACTH and corticoster-
one are elevated and restored to normal levels by treatment
with insulin [4]. This hyperactivation of the pituitary-
adrenocortical axis is associated with increased hypotha-
lamic ACTH-releasing hormone messenger RNA (mRNA)
[4]. Scribner et al [3] demonstrated that not only ACTH
and corticosterone but also adrenal gland weight in
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streptozotocin-diabetic rats were significantly increased
compared to those in the controls.

Otsuka Long-Evans Tokushima Fatty (OLETF) rats were
established from Long-Evans rats as a model of type 2
diabetes mellitus in 1992 [5]. The rats have been used as a
type 2 diabetes mellitus model in many studies. Otsuka
Long-Evans Tokushima Fatty rats have the following
characteristic features: (1) late onset of hyperglycemia; (2)
a chronic course of disease; (3) mild obesity; (4) inheritance
by males; (5) the changes in pancreatic islets such as
lymphocyte infiltration and atrophy of the islet, and so on;
(6) diabetic nephropathy; and (7) lack of cholecystokinin
(CCK)–A receptors [6].

Cholecystokinin stimulates glucocorticoid secretion [7],
and activation of CCK-A receptors induces elevation of
plasma corticosterone [8]. However, it has been reported that
there is no significant difference in ACTH, corticosterone,
and adrenal weight between OLETF rats (diabetic) and Long-
Evans Tokushima Otsuka (LETO) rats (nondiabetic) [9,10].
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In adrenal glands, 11β-hydroxysteroid dehydrogenase
(HSD) type 1, 11β-HSD type 2, and 5α-reductase type 1
play important roles in controlling steroid secretion [11-19].
11β-Hydroxysteroid dehydrogenase catalyzes the intercon-
version of active glucocorticoids (corticosterone in rodents,
cortisol in human) and inactive keto forms (11-dehydro-
corticosterone in rodents, cortisone in human). Two
isozymes of 11β-HSD, type 1 and type 2, have been
identified in humans and rats. In rats, 11β-HSD type 1
activates 11-dehydrocorticosterone into corticosterone, and
11β-HSD type 2 inactivates corticosterone into 11-dehy-
drocorticosterone. Although being maximally expressed in
liver and kidney, 11β-HSD is also present in adrenal glands,
especially its type 2 unidirectional isoform [11-13]. 5α-
Reductase inactivates corticosterone into their 5α-reduced
metabolites. Two isozymes of 5α-reductase, type 1 and type
2, have been identified in humans and rats. The type 1
isozyme is widely distributed throughout the whole body.
The type 2 isozyme is preferentially located in male
reproductive organs. In the adrenal gland, type 1 mRNA is
predominant [18]. There is no report about these enzymes
in the adrenal gland of OLETF rats.

In the present study, we tried to clarify the relationship
between diabetes and adrenocortical function in OLETF rats
by measurement of adrenal weight, serum leptin, plasma
ACTH, serum corticosterone, and urinary corticosterone
excretion in the long term. We also evaluated the histology of
adrenal glands and mRNA expressions of 11β-HSD type 1,
11β-HSD type 2, and 5α-reductase type 1.
2. Materials and methods

2.1. Experimental animals

LETO and OLETF rats at 4 weeks of age were kindly
provided by Otsuka Pharmaceuticals (Tokushima, Japan).
The rats were bred under the constant environmental
conditions of light (12-hour light-dark cycle), room tempera-
ture (23°C ± 1°C), and humidity (50% ± 10%). Standard rat
chow (CE-2, CLEA Japan, Tokyo, Japan) and water were
freely available to the rats. All protocols were approved by
the Committee for Animal Research of the Kinki University
School of Medicine (Osaka, Japan) and complied with the
Principles of Laboratory Animal Care (National Institutes of
Health publication no. 85-23, revised 1985).

2.2. Experimental protocol

At 5, 8, 12, 16, 20, 32, and 36 weeks of age, the rats
were used for succeeding experiments between 9:00 and
11:00 AM after being fasted for 12 to 16 hours. Peripheral
blood was drawn under anesthesia with intraperitoneal
injection of pentobarbital (60 mg/kg). Blood levels of
glucose, insulin, leptin, ACTH, and corticosterone were
measured. Bilateral adrenal glands were removed and
weighed in more than 5 rats in each group. At 8 and
32 weeks of age, urinary excretion of corticosterone was
evaluated in urine collected over a 24-hour period under
food and water intake ad libitum.

2.3. Sample assays

After the blood was drawn, it was separated into 2 tubes,
one without anticoagulants for serum and one containing
EDTA-dipotassium for plasma, and immediately centrifuged
at 3000 rpm for 10 minutes at 4°C, then the supernatant was
collected and stored in a deep freezer (−85°C) until assay.
Blood glucose was measured by the glucose oxidase method
(Kanto Kagaku, Tokyo, Japan). Serum insulin was measured
by a radioimmunoassay (RIA) kit (Rat Insulin RIAKit, Linco
Research, St Charles, MO) with a sensitivity of 17.2 pmol/L
and a reproducibility of intra-assay variance less than 4.6%
and interassay variance less than 9.4% [20]. Serum leptin was
measured by an RIA kit (Rat Leptin RIAKit, Linco Research)
with a sensitivity of 30.9 pmol/L and a reproducibility of
intra-assay variance less than 4.6% and interassay variance
less than 5.7% [20]. Plasma ACTH was measured by an
immunoradiometric assay kit (ACTH IRMA, Mitsubishi
Chemical, Tokyo, Japan) with a sensitivity of 1.1 pmol/L and
a reproducibility of intra-assay variance less than 2.25% and
interassay variance less than 0.41% [10]. Serum and urine
concentrations of corticosterone weremeasured by an RIA kit
(Coat-A-Count Rat Corticosterone, Diagnostic Products, Los
Angeles, CA) with a sensitivity of 58 nmol/L and a
reproducibility of intra-assay variance less than 4.0% and
interassay variance less than 4.8% [21].

2.4. Histologic evaluation

The adrenal glands were fixed with 10% formaldehyde
solution and stained with hematoxylin-eosin. The adrenal
tissue was examined histologically under an optical micro-
scope. The thickness of the zona fasciculata was measured at
10 sites of each adrenal gland under a microscope using the
Lumina Vision (Mitani Corp, Fukui, Japan) and Mac SCOPE
(Mitani Corp) for Macintosh computers. The average
thickness of those 10 sites in each adrenal gland was used
for analysis.

2.5. RNA extraction and reverse transcription

The removed adrenal glands were minced and homo-
genized with a sonicator. RNA was extracted with the
RNeasy Mini Kit (QIAGEN, Hilden, Germany). Reverse
transcription was performed with the High-Capacity com-
plementary DNA (cDNA) Archive Kit (Applied Biosystems,
Foster City, CA) in accordance with the manufacturer's
instructions (25°C for 10 minutes, 37°C for 120 minutes).
The cDNA solution obtained in the reaction was used for
polymerase chain reaction (PCR).

2.6. Quantitative real-time PCR

Messenger RNA expressions of 11β-HSD type 1, 11β-
HSD type 2, and 5α-reductase type 1 in adrenal glands were
quantified by real-time PCR with the ABI PRISM 7700
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asic data for LETO and OLETF rats

Body weight (g) Glucose (mmol/L) IRI (pmol/L)

wk LETO 75.8 ± 7.4 5.77 ± 0.94 23.4 ± 14.5
OLETF 79.3 ± 7.9 6.70 ± 1.44 47.9 ± 32.0 ⁎

wk LETO 210.7 ± 21.8 6.69 ± 0.74 281.4 ± 352.1
OLETF 242.8 ± 13.9 † 7.52 ± 0.88 391.3 ± 182.5

2 wk LETO 311.2 ± 26.6 8.20 ± 0.86 427.8 ± 205.4
OLETF 378.3 ± 30.3 † 9.08 ± 0.66 847.0 ± 355.8 ⁎

6 wk LETO 411.1 ± 11.8 8.23 ± 1.04 446.6 ± 202.6
OLETF 532.7 ± 25.0 ‡ 10.20 ± 0.82 ‡ 783.9 ± 229.4 ‡

0 wk LETO 445.7 ± 17.9 9.21 ± 1.12 578.4 ± 235.5
OLETF 565.4 ± 33.2 ‡ 11.21 ± 1.14 ‡ 1137.1 ± 514.2 ‡

2 wk LETO 528.8 ± 42.6 8.93 ± 1.14 717.0 ± 402.7
OLETF 630.8 ± 33.6 ‡ 13.33 ± 2.40 ‡ 721.1 ± 315.7

6 wk LETO 527.7 ± 41.5 8.60 ± 1.21 442.2 ± 422.6
OLETF 608.0 ± 61.2 ⁎⁎ 12.91 ± 2.79 ‡ 461.7 ± 364.6

umber of LETO and OLETF rats, respectively: 5 weeks = 14 and 9;
weeks = 9 and 7; 12 weeks = 6 and 6; 16 weeks = 13 and 12; 20 weeks = 14
nd 16; 32 weeks = 13 and 21; 36 weeks = 15 and 15. IRI indicates
munoreactive insulin.
⁎ P b .05 compared to LETO rats at the same weeks of age.
⁎⁎ P b .01 compared to LETO rats at the same weeks of age.
† P b .005 compared to LETO rats at the same weeks of age.
‡ P b .001 compared to LETO rats at the same weeks of age.
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Sequence Detection System (Applied Biosystems). Real-
time PCR was performed on 96-well plates using the
Platinum Quantitative PCR SuperMix-UDG (Invitrogen,
Carlsbad, CA). In a reaction, the buffer was 25 μL containing
Platinum Quantitative PCR SuperMix-UDG 12.5 μL, ROX
reference dye 0.5 μL, forward primer (10 μmol/L) 0.5 μL,
reverse primer (10 μmol/L) 0.5 μL, fluorogenic probe (10
μmol/L) 0.5 μL, sample template (cDNA generated from
100 ng of total RNA) 5 μL, and autoclaved distilled water 5.5
μL. Oligonucleotide sequences of the primers and probes are
shown in Table 1. All target gene probes were labeled with
FAM. Oligonucleotide probe of β-actin was labeled with
VIC. For PCR, 1 cycle was performed at 50°C for 2 minutes
and 95°C for 10 minutes, followed by 40 cycles at 95°C for
15 seconds and 60°C for 1 minute. The mean data obtained
from triplicate PCR in each sample were used for analysis.

In accordance with the manufacturer's guidelines, the
data were shown as Ct values, indicating the cycle numbers
at which logarithmic PCR plots crossed the threshold line.
The relative amount of gene expression was shown as 2−ΔCt,
where ΔCt = Cttarget gene − Ctβ-actin.

2.7. Statistical analysis

All results were expressed as mean ± SD. Student t test
was used to determine the significance between the 2 groups.
Correlations were calculated using regression analysis. A P
value of less than .05 was regarded as significant. Multiple
regression analysis was used to examine the association
between corticosterone and the other factors.
3. Results

3.1. Body weight, blood glucose levels, and serum
insulin levels

There was no significant difference in body weight
between LETO and OLETF rats at 5 weeks of age. Otsuka
Long-Evans Tokushima Fatty rats were significantly heavier
than LETO rats older than 8 weeks (Table 2). There were no
Table 1
Oligonucleotide sequences of primers and TaqMan probes

Primers and probes

11β-HSD
type 1

F: ATGGCTTTTGCAGAGCGATT
R: CAGAGTGGATATCATCGTGGAAGA
P: FAM-TCTTGGGTGGACTGGACATGCTCATTCT-MGB

11β-HSD
type 2

F: AACCTCCAAGGCAGCTATTGC
R: CGCTTCTCCCAGAGGTTCAC
P: FAM-TCCAGCCTGGCTGCTTCAAGACAGAG-MGB

5α-reductase
type 1

F: GCACTGTTCACACTCAGCACACT
R: CAACAGCGCTAACAGAGCACTAA
P: FAM-CAGAGCGAAGCAGCACCATCAGTGG-MGB

β-actin F: CAGGCATCGCTGACAGGAT
R: GTGGACAGTGAGGCCAGGAT
P: VIC-TCAAGATCATTGCTCCTCCTGAGCGC-MGB

Sequences are listed 5′ to 3′. F indicates forward primers; R, reverse primers;
P, TaqMan probes.
T
B

5

8

1

1

2

3

3

N
8
a
im
significant differences in blood glucose levels between
LETO and OLETF rats at 5, 8, and 12 weeks of age. Blood
glucose levels in OLETF rats were significantly higher than
those in LETO rats older than 16 weeks (Table 2). Serum
insulin levels in OLETF rats were significantly higher than
those in LETO rats at 5, 12, 16, and 20 weeks of age, but
there was no significant difference between LETO and
OLETF rats at 8, 32, and 36 weeks of age (Table 2).

3.2. Serum leptin levels

There was no significant difference in serum leptin levels
between LETO and OLETF rats at 5 weeks of age. Serum
leptin levels in OLETF rats were significantly higher than
ig. 1. Serial observation of serum leptin levels in LETO and OLETF rats.
erum leptin levels were significantly higher in OLETF rats older than
weeks. Especially, serum leptin levels in OLETF rats were 3- to 4-fold
igher than those in LETO rats older than 16 weeks. Number of LETO and
LETF rats, respectively: 5 weeks = 14 and 9; 8 weeks = 9 and 7;
2 weeks = 6 and 6; 16 weeks = 13 and 12; 20 weeks = 14 and 16;
2 weeks = 13 and 21; 36 weeks = 15 and 15. **P b .01 and ††P b .001
F
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compared to LETO rats at the same age.
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those in LETO rats older than 8 weeks. Serum leptin levels in
OLETF rats older than 16 weeks were about 3 to 4 times as
high as those in LETO rats (Fig. 1).

3.3. Plasma ACTH levels

There was no significant difference in plasma ACTH
levels between LETO and OLETF rats at 5, 8, and 12 weeks
of age. However, plasma ACTH levels in OLETF rats were
significantly higher than those in LETO rats older than
16 weeks (Fig. 2A).

3.4. Serum and urine corticosterone levels

There was no significant difference in serum corticoster-
one levels between LETO and OLETF rats at 5, 8, and
12 weeks of age. However, serum corticosterone levels in
OLETF rats were significantly lower than those in LETO rats
older than 16 weeks (Fig. 2B).

There was no significant difference in urinary corticos-
terone excretion between LETO and OLETF rats at 8 weeks
of age (339.1 ± 66.6 nmol/g Cr [n = 9] vs 293.0 ± 74.9
nmol/g Cr [n = 7]). However, urinary corticosterone
excretion in OLETF rats was significantly lower than that
in LETO rats at 32 weeks of age (311.6 ± 64.7 nmol/g Cr [n =
8] vs 223.8 ± 32.2 nmol/g Cr [n = 8], P b .005).
Fig. 2. Comparison of plasma ACTH levels (A) and serum corticosterone
levels (B) between LETO and OLETF rats. After 16 weeks of age, plasma
ACTH levels in OLETF rats were significantly higher (A) and serum
corticosterone levels in OLETF rats were significantly lower (B) than those
in LETO rats. Number of LETO and OLETF rats, respectively: 5 weeks = 14
and 9; 8 weeks = 9 and 7; 12 weeks = 6 and 6; 16 weeks = 13 and 12; 20
weeks = 14 and 16; 32 weeks = 13 and 21; 36 weeks = 15 and 15. **P b .01,
†P b .005, and ††P b .001 compared to LETO rats at the same age.
3.5. Adrenal weight

Adrenal weights of OLETF rats were significantly lighter
than those of LETO rats at 32 and 36 weeks of age, whereas
there were no significant differences in adrenal weights
between LETO and OLETF rats at 5, 8, 12, 16, and 20 weeks
of age (Fig. 3A).

3.6. Histologic examination

The typical histology of adrenal glands of a LETO rat and
an OLETF rat at 36 weeks of age is shown in Fig. 3B1 and
3B2. The zona fasciculata of the adrenal gland of the OLETF
rat was obviously thinner than that of the LETO rat. The
thickness of the zona fasciculata of adrenal glands of OLETF
rats was significantly thinner than that of LETO rats at
36 weeks of age (LETO rats [n = 5] vs OLETF rats [n = 5]:
429.2 ± 32.6 vs 326.8 ± 24.9 μm, P b .002). However, there
was not any other abnormal finding such as bleeding,
inflammation, or necrosis in the adrenal glands of OLETF rats.

3.7. Correlations between adrenal function and the
other parameters

Correlations between adrenal function (ACTH, corticos-
terone, and adrenal weight) and other parameters (glucose,
insulin, and leptin) were evaluated.

In LETO rats (n = 84), plasma ACTH levels showed
significant positive correlations with blood glucose levels
(r = 0.397, P b .0005), serum insulin levels (r = 0.327, P b
.005), and serum leptin levels (r = 0.341, P b .005). In
OLETF rats (n = 86), plasma ACTH levels showed
significant positive correlations with blood glucose levels
(r = 0.412, P b .0001), serum insulin levels (r = 0.551, P b
.0001), and serum leptin levels (r = 0.654, P b .0001).
Plasma ACTH levels in OLETF rats showed stronger
positive correlations with all the parameters than those in
LETO rats. In OLETF rats, plasma ACTH levels showed the
strongest positive correlation with serum leptin levels.

Serum corticosterone levels in LETO rats (n = 84) did not
correlate with any other parameter (blood glucose, serum
insulin, and serum leptin levels), whereas serum corticoster-
one levels in OLETF rats (n = 86) inversely correlated with
blood glucose levels (r = −0.357, P b .001), serum insulin
levels (r = −0.362, P b .001), and serum leptin levels (r =
−0.374, Pb.0005). In OLETF rats, serum corticosterone
levels showed the strongest inverse correlation with serum
leptin levels. Relationships between serum leptin levels and
plasma ACTH levels or serum corticosterone levels in each
rat strain are shown in Fig. 4.

Adrenal weight in OLETF rats showed a significant
inverse correlation with serum leptin levels (Fig. 5),
whereas adrenal weight in LETO rats showed a significant
positive correlation with serum leptin levels (r = 0.439,
P b .005, n = 70). As shown in Fig. 3A, adrenal weights of
OLETF rats showed significant increases between 5 and
8 weeks of age (P b .01), and there was no significant
change between 8 and 12 weeks of age. There were no



Fig. 3. Adrenal weight (A) and histology of adrenal glands of a LETO rat (B1) and an OLETF rat (B2). After 32 weeks of age, adrenal weights of OLETF rats
were significantly lower than those of LETO rats. Number of LETO and OLETF rats, respectively: 5 weeks = 14 and 9; 8 weeks = 9 and 7; 12 weeks = 6 and 6;
16 weeks = 6 and 5; 20 weeks = 6 and 5; 32 weeks = 9 and 17; 36 weeks = 5 and 5. †P b .005 compared to LETO rats at the same weeks of age. Typical histology
of adrenal glands of a LETO rat and an OLETF rat at 36 weeks of age were shown (hematoxylin-eosin stain). The thickness of the zona fasciculata in the OLETF
rat was obviously thinner than that in the LETO rat (scale bar = 100 μm).

Fig. 4. Correlation between serum leptin levels and plasma ACTH levels in LETO rats (A) and OLETF rats (B), and between serum leptin levels and serum
corticosterone levels in LETO rats (C) and OLETF rats (D). A significant positive correlation between serum leptin levels and plasma ACTH levels was observed
in both LETO rats (n = 84) and OLETF rats (n = 86), but there was a stronger positive correlation in OLETF rats. A significant inverse correlation between serum
leptin levels and serum corticosterone levels was observed in OLETF rats (n = 86) but not in LETO rats (n = 84).
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Fig. 5. Correlation between serum leptin levels and adrenal weights of
OLETF rats. Adrenal weights of OLETF rats older than 8 weeks were used
to calculate correlations between serum leptin levels and adrenal weight. A
significant inverse correlation between serum leptin levels and adrenal
weights was observed in OLETF rats (n = 45).

ig. 6. Messenger RNA expressions of 11β-HSD type 1 (A), 11β-HSD type
(B), and 5α-reductase type 1 (C) in the adrenal glands of LETO rats (□)
nd OLETF rats (▪). Messenger RNA expression is shown as a relative
mount compared with β-actin mRNA (2−ΔCt value). There were no
gnificant differences in mRNA expressions of 11β-HSD types 1 and 2
etween LETO and OLETF rats. In OLETF rats, 5α-reductase type 1 mRNA
xpression was significantly higher than that in LETO rats. Number of
ETO and OLETF rats, respectively: 5 weeks = 6 and 6; 36 weeks = 5 and 5.

*P b .05 and **P b .01 compared to LETO rats at the same age.
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significant changes in the adrenal weights of OLETF rats
older than 16 weeks. Therefore, the adrenal weights of rats
older than 8 weeks were used to calculate correlations
between serum leptin levels and adrenal weights. In
contrast, adrenal weights of LETO rats showed a
significant increase between 5 and 8 weeks of age (P b
.01) and between 20 and 32 weeks of age (P b .05).
Because there was no significant change between 32 and
36 weeks of age, the growth of adrenal gland was
considered to reach a peak at 32 to 36 weeks of age.
Adrenal weights of LETO rats older than 8 weeks were
also used for the analysis of correlations between serum
leptin levels and adrenal weight.

To clarify what was the most effective factor on
corticosterone levels, we performed multiple regression
analysis using leptin, insulin, and glucose as independent
variables. This multiple regression analysis showed a
significant association (F b .001) with the serum corticoster-
one levels. The standardized regression coefficients were
−2.39 for leptin, −0.29 for insulin, and −0.31 for glucose,
suggesting that leptin was closely associated with the serum
corticosterone levels.

3.8. Messenger RNA expressions of 11β-HSDs and
5α-reductase type 1 in the adrenal gland

Messenger RNA expressions of 11β-HSD types 1 and 2
in the adrenal gland did not show significant differences
between LETO and OLETF rats at either 5 or 36 weeks of
age (Fig. 6A and B). At both 5 and 36 weeks of age,
mRNA expression of 11β-HSD type 2 was significantly
more than that of 11β-HSD type 1 in both strains of rats.
Messenger RNA levels (2−ΔCt) of 11β-HSD types 1 and 2
were 0.005 (mean) vs 0.07 (P b .0001) in 5-week-old
LETO rats and 0.006 vs 0.05 (P b .0001) in 5-week-old
OLETF rats, respectively. This finding suggests that mRNA
expression of 11β-HSD type 2 is nearly 10 times higher
than that of 11β-HSD type 1 in adrenal glands from both
LETO and OLETF rats.
The mRNA expression of 5α-reductase type 1 in OLETF
rats was significantly higher than that in LETO rats at both 5
and 36 weeks of age (Fig. 6C).
4. Discussion

In the present study, we showed that primary adreno-
cortical dysfunction existed in OLETF rats older than
16 weeks. Pentobarbital was used in the present study
because it rarely affects blood levels of glucose, insulin,
ACTH, or corticosterone [22,23]. The reduction of corti-
costerone secretion was confirmed by measuring corti-
costerone in urine collected over a 24-hour period without
anesthesia. In addition, the adrenal weights of OLETF rats
were significantly lower than those of LETO rats older than
32 weeks. Corticosterone is primarily synthesized in the
F
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zona fasciculata in the adrenal cortex. We confirmed that
the thickness of zona fasciculata in OLETF rats was
significantly reduced compared with that in LETO rats at
36 weeks of age. Thus, these data suggest a reduced ability
to synthesize corticosterone in OLETF rats.

Previous studies showed there were no significant
differences in adrenal weight and blood corticosterone levels
between LETO and OLETF rats [9,10]. However, Ohta et al
[9] demonstrated that there was no significant difference in
either adrenal weight or blood corticosterone levels between
LETO and OLETF rats at 5 and 8 weeks of age, consistent
with our findings. Takao et al [10] showed a slight, but not
significant, decrease in the adrenal weights of OLETF rats
compared with those in LETO rats. In their report, neither the
experiment time nor the presence or absence of fasting was
described, whereas our experiment was done between 9:00
and 11:00 AM after fasting for 12 to 16 hours. The advantages
of our study compared with their report are as follows:
(1) larger number of rats with the wider range of age (5-
36 weeks of age) were used in our study, whereas their data
were obtained from only 6 rats at 30 to 38 weeks of age;
(2) plasma glucose levels in OLETF rats were 13.3 ±
2.4 nmol/L (239.9 ± 43.2 mg/dL) at 32 weeks of age in our
study, whereas those in their study were 175.4 ± 9.6 mg/dL,
indicating diabetes of the rats was more obvious in our study;
(3) the reduction of urinary corticosterone excretion was
confirmed in our study; and (4) the decreasing thickness of
zona fasciculata of the adrenal glands in OLETF rats was
confirmed in our study. These differences in our study
provided more precise results.

Primary adrenocortical insufficiency in the present study
may be caused by the specific natures of OLETF rats such as
lack of CCK-A receptor deficiency.

Because CCK stimulates glucocorticoid secretion [7]
and the CCK receptor antagonist inhibits elevation of
plasma corticosterone [8], the deficiency of CCK-A
receptor per se may be a basal or permissive factor to
induce adrenal insufficiency.

According to a recent report by Cano et al [24], serum
leptin levels were elevated 2- to 2.5-fold after administration
of CCK receptor antagonists in rats. In the present study,
serum leptin levels in OLETF rats were 3 to 4 times as high
as those in LETO rats older than 16 weeks. It is considered
that hyperleptinemia due to obesity is further enhanced by
CCK-A receptor deficiency. In the adrenal gland, leptin
inhibits glucocorticoid secretion from bovine [25], rat [26],
and human [26,27] adrenocortical cells in vitro. In vivo,
serum corticosterone is decreased by leptin administration in
rats [28]. Furthermore, leptin reduces the volume of the zona
fasciculata, resulting in adrenal atrophy [29]. In our study,
both serum corticosterone levels and adrenal weights showed
inverse correlations with serum leptin levels in OLETF rats.
Adrenocortical dysfunction of OLETF rats in this study may
be caused by the hyperleptinemia enhanced with the CCK-A
receptor deficiency. Indeed, multiple regression analysis
using leptin, insulin, and glucose levels as independent
variables showed a significant association with the serum
corticosterone levels, and the standardized regression
coefficient of leptin showed the highest value. It is possible
that the other factors, not measured in this study, influence
the adrenocortical dysfunction in OLETF rats. However, we
consider that leptin is at least one factor underlying the
reduced adrenal function in OLETF rats.

There was no significant difference in mRNA expression
of 11β-HSDs (types 1 and 2) between LETO and OLETF
rats. This indicated that these enzymes did not influence the
reduction of corticosterone secretion in OLETF rats. Mean-
while, mRNA expression of 5α-reductase type 1 in OLETF
rats was significantly higher than that in LETO rats at both
5 and 36 weeks of age. It is possible that the mRNA
expression of 5α-reductase type 1 in the adrenal gland of
OLETF rats is enhanced either congenitally or from an early
age. This is the first report about increased mRNA
expression of 5α-reductase type 1 in the adrenal gland of
OLETF rats. The enhanced expression of 5α-reductase
type 1 may contribute to the reduction of corticosterone
secretion in OLETF rats. Interestingly, mRNA expression of
5α-reductase type 1 was increased at an older age in both
LETO and OLETF rats. This enzyme may be increased with
aging. It is unclear how increased 5α-reductase type 1 in
OLETF rats affects diabetes. Further investigation is needed
to elucidate the role of 5α-reductase type 1 in OLETF rats.

Many reports demonstrated that serum cortisol levels
were elevated in human type 2 diabetes mellitus [1,2]. The
mechanisms of increment of cortisol are not known yet.
However, in the recent reports, chronic hyperglycemia in
diabetic patients is associated with a defect in the
glucocorticoid receptor function that may include negative
feedback by cortisol in the central nervous system and
pituitary [30,31]. So far, glucocorticoid is generally
increased in human type 2 diabetes mellitus, whereas
corticosterone in OLETF rats is decreased in the present
study. Therefore, the changes in ACTH and corticosterone in
the OLETF rats were opposite to those in human diabetes.
These differences in adrenocortical function might be caused
by the specific nature of OLETF rats including CCK-A
receptor deficiency and hyperleptinemia as described above.

In conclusion, we demonstrated that acquired adrenocor-
tical insufficiency existed in OLETF rats, which might be
associated with hyperleptinemia. These new findings are
interesting to consider in the relationship among diabetes, the
HPA axis, and leptin. The present study may provide new
insight into the pathophysiology of type 2 diabetes mellitus
and obesity.
References

[1] Roy M, Collier B, Roy A. Hypothalamic-pituitary-adrenal axis
dysregulation among diabetic outpatients. Psychiatry Res 1990;31:
31-7.

[2] Chan O, Inouye K, Riddell MC, et al. Diabetes and the hypothalamo-
pituitary-adrenal (HPA) axis. Minerva Endocrinol 2003;28:87-102.



1333S. Noguchi et al. / Metabolism Clinical and Experimental 56 (2007) 1326–1333
[3] Scribner KA, Akana SF, Walker CD, et al. Streptozotocin-diabetic rats
exhibit facilitated adrenocorticotropin responses to acute stress, but
normal sensitivity to feedback by corticosteroids. Endocrinology
1993;133:2667-74.

[4] Chan O, Chan S, Inouye K, et al. Molecular regulation of the
hypothalamo-pituitary-adrenal axis in streptozotocin-induced diabetes:
effects of insulin treatment. Endocrinology 2001;142:4872-9.

[5] Kawano K, Hirashima T, Mori S, et al. Spontaneous long-term
hyperglycemic rat with diabetic complications, Otsuka Long-Evans
Tokushima Fatty (OLETF) strain. Diabetes 1992;41:1422-8.

[6] Funakoshi A, Miyasaka K, Shinozaki H, et al. An animal model of
congenital defect of gene expression of cholecystokinin (CCK)–A
receptor. Biochem Biophys Res Commun 1995;210:787-96.

[7] Sander LD, Porter JR. Influence of bombesin, CCK, secretin and CRF
on corticosterone concentration in the rat. Peptides 1988;9:113-7.

[8] Katsuura G, Ibii N, Matsushita A. Activation of CCK-A receptors
induces elevation of plasma corticosterone in rats. Peptides
1992;13:203-5.

[9] Ohta M, Utsuyama M, Jimi A, et al. Changes in lymphocyte
subpopulations in Otsuka Long-Evans Tokushima fatty rats. Biomed
Res 1997;18:27-35.

[10] Takao T, Tojo C, Nishioka T, et al. Increased adrenocorticotropin
responses to acute stress in Otsuka, Long-Evans Tokushima Fatty (type
2 diabetic) rats. Brain Res 2000;852:110-5.

[11] ZhouMY, Gomez-Sanchez EP, Cox DL, et al. Cloning, expression, and
tissue distribution of the rat nicotinamide adenine dinucleotide–
dependent 11 beta-hydroxysteroid dehydrogenase. Endocrinology
1995;136:3729-34.

[12] Yang K, Matthews SG. Cellular localization of 11 beta-hydroxysteroid
dehydrogenase 2 gene expression in the ovine adrenal gland. Mol Cell
Endocrinol 1995;111:R19-R23.

[13] Roland BL, Funder JW. Localization of 11beta-hydroxysteroid
dehydrogenase type 2 in rat tissues: in situ studies. Endocrinology
1996;137:1123-8.

[14] Musajo F, Neri G, Tortorella C, et al. Intra-adrenal 11 beta-
hydroxysteroid dehydrogenase plays a role in the regulation of
corticosteroid secretion: an in vitro study in the rat. Life Sci 1996;59:
1401-6.

[15] Shimojo M, Whorwood CB, Stewart PM. 11 beta-hydroxysteroid
dehydrogenase in the rat adrenal. J Mol Endocrinol 1996;17:
121-30.

[16] Mazzocchi G, Rossi GP, Neri G, et al. 11beta-hydroxysteroid
dehydrogenase expression and activity in the human adrenal cortex.
FASEB J 1998;12:1533-9.

[17] Carsia RV, Scanes CG, Malamed S. Self-suppression of corticoster-
oidogenesis: evidence for a role of adrenal 5 alpha-reductase.
Endocrinology 1984;115:2464-72.
[18] Normington K, Russell DW. Tissue distribution and kinetic character-
istics of rat steroid 5 alpha-reductase isozymes. Evidence for distinct
physiological functions. J Biol Chem 1992;267:19548-54.

[19] Yokoi H, Tsuruo Y, Miyamoto T, et al. Steroid 5 alpha-reductase type 1
immunolocalized in the adrenal gland of normal, gonadectomized, and
sex hormone–supplemented rats. Histochem Cell Biol 1998;109:
127-34.

[20] Ahima RS, Kelly J, Elmquist JK, et al. Distinct physiologic and
neuronal responses to decreased leptin and mild hyperleptinemia.
Endocrinology 1999;140:4923-31.

[21] Rocha R, Martin-Berger CL, Yang P, et al. Selective aldosterone
blockade prevents angiotensin II/salt–induced vascular inflammation
in the rat heart. Endocrinology 2002;143:4828-36.

[22] Aynsley-Green A, Biebuyck JF, Alberti KG. Anaesthesia and insulin
secretion: the effects of diethyl ether, halothane, pentobarbitone
sodium and ketamine hydrochloride on intravenous glucose tolerance
and insulin secretion in the rat. Diabetologia 1973;9:274-81.

[23] de Haan M, van Herck H, Tolboom JB, et al. Endocrine stress response
in jugular-vein cannulated rats upon multiple exposure to either
diethyl-ether,halothane/O2/N2O or sham anaesthesia. Lab Anim
2002;36:105-14.

[24] Cano V, Ezquerra L, Ramos MP, et al. Regulation of leptin distribution
between plasma and cerebrospinal fluid by cholecystokinin receptors.
Br J Pharmacol 2003;140:647-52.

[25] Bornstein SR, Uhlmann K, Haidan A, et al. Evidence for a novel
peripheral action of leptin as a metabolic signal to the adrenal gland:
leptin inhibits cortisol release directly. Diabetes 1997;46:1235-8.

[26] Pralong FP, Roduit R, Waeber G, et al. Leptin inhibits directly
glucocorticoids secretion by normal human and rat adrenal gland.
Endocrinology 1998;139:4264-8.

[27] Glasow A, Haidan A, Hilbers U, et al. Expression of Ob receptor in
normal human adrenals: differential regulation of adrenocortical and
adrenomedullary function by leptin. J Clin Endocrinol Metab
1998;83:4459-66.

[28] Malendowicz LK, Tortorella C, Nowak KW, et al. Leptin prolonged
administration inhibits the growth and glucocorticoid secretion of rat
adrenal cortex. Endocr Res 2000;26:141-52.

[29] Stocco DM, Clark BJ. The role of the steroidogenic acute regulatory
protein in steroidogenesis. Steroids 1997;62:29-36.

[30] Vestergaard H. Studies of gene expression and activity of hexokinase,
phosphofructokinase and glycogen synthase in human skeletal muscle
in states of altered insulin-stimulated glucose metabolism. Dan Med
Bull 1999;46:13-34.

[31] Lindmark S, Buren J, Eriksson JW. Insulin resistance, endocrine
function and adipokines in type 2 diabetes patients at different
glycaemic levels: potential impact for glucotoxicity in vivo. Clin
Endocrinol (Oxf) 2006;65:301-9.


	Adrenocortical insufficiency in Otsuka Long-Evans Tokushima �Fatty rats, a type 2 diabetes mell.....
	Introduction
	Materials and methods
	Experimental animals
	Experimental protocol
	Sample assays
	Histologic evaluation
	RNA extraction and reverse transcription
	Quantitative real-time PCR
	Statistical analysis

	Results
	Body weight, blood glucose levels, and serum �insulin levels
	Serum leptin levels
	Plasma ACTH levels
	Serum and urine corticosterone levels
	Adrenal weight
	Histologic examination
	Correlations between adrenal function and the �other parameters
	Messenger RNA expressions of 11β-HSDs and �5α-reductase type 1 in the adrenal gland

	Discussion
	References


