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Table 1. Chemical profiles of UCP3 transgenic mice on standard chow and high-fat diets

C.Sonetal:

Standard chow diet High-fat diet
UCP3 transgenic Non-transgenic UCP3 transgenic Non-transgenic
mice littermates mice Littermates
Glucose (mmol/1)
Fasting 6.4+0.2 6.8+0.4 8.9+04 10.3x1.1
Non-fasting 8.210.6 8.4+0.6 9.9+1.2 11.3£0.9
Insulin (pmol/1y
Fasting 44410 48+17 215432 224259
Non-fasting 95120 9113 638+77 649170
Cholesterol (mmol/) 2.15+0.08 2.2540.10 3.88+0.18 4.22+0.47
Triglycetide (mmol/1) 0.27+0.05 0.36+0.07 0.41+0.05 0.45+0.06
Fatty acids (mmol/T) 1.27+0.14 1.25+0.23 0.83+0.06 0.90+0.07
Data are means + SE (n=5 to 7}
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Fig. 5a, b. Glucose tolerance test in (a) male 28-week-old
transgenic mice and non-transgenic littermates on a standard
chow diet and (b} in male 28-week-0ld transgenic mice and
non-transgenic littermates after 4 wesks on a high-fat diet.
Data are expressed as means + SE (n=7 to 9). *p<0.05 vs nen-
transgenic littermates

high-fat diet (1693x131 mg vs 2110+17 mg, p<0.05).
No difference was observed in the weight of livers or
other organs. Histological analyses did not show any
obvious difference between transgenic mice and non-
transgenic littermates after the 4-week high-fat diet.
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genic mice and non-transgenic littermates on a standard chow
diet and (b} in male 28-week-o0ld transgenic mice and non-
transgenic littermates after 4 weeks on a high-fat diet. Serum
glucose concentrations are expressed as percentages of the ini-
tial values of transgenic mice and non-transgenic littermates.
Data are expressed as means = SE (n=7 to 9). *p<0.05 vs non-
transgenic littermates

Food intake and oxygen consumption of transgenic
mice on high-fat diet. No difference in food intake
and rectal temperature was noted between transgenic
mice and non-transgenic littermates (food intake:
2.5+0.15 gfday vs 2.3+0.08 g/day, p>0.05; rectal tem-
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perature: 35.8+0.5°C vs 35.6+0.7°C, p>0.05). How-
ever, total oxygen consumption for 24 h was higher in
transgenic mice than in non-transgenic littermates
(54.124.5 ml kg~! min-! vs 43.1£1.6 ml kg-* min-?,
p<0.05).

Blood analysis of transgenic mice on high-fat diet. No
significant differences in serum concentrations of gla-
cose, insulin, cholesterol, triglyceride and fatty acids
were found between transgenic mice and non-trans-
genic littermates. However, the relevant values tended
to be lower in transgenic mice (Table 1).

Glucose homeostasis in transgenic mice on high-fat
diet. In the glucose tolerance test, increases in serum
glucose were less marked in transgenic mice than in
non-transgenic littermates (n=5 to 7, p<0.05; Fig. 5b).
In the insulin tolerance test, hypoglycaemic responses
60 and 90 min after the injection were more pro-
nounced in transgenic mice than in non-transgenic
littermates (n=5 to 7, p<0.05; Fig. 6b).

Discussion

We pgenerated transgenic mice that overexpressed
mouse UCP3 in the skeletal muscle by using MCK
promoter. In these mice UCP3 overexpression was
targeted mainly to the skeletal muscle. Levels of
UCP3 mRNA and protein were approximately 18-
fold and 15-fold higher in the lines with the highest
expression, Northern blot analyses detected a slight
increase of UCP3 mRNA in the cardiac muscle.
UCP3 mRNA levels in the cardiac muscle of trans-
genic mice were less than 1% of those in their skele-
tal muscle. Western blot analyses failed to detect the
band of UCP3 in the cardiac muscle in our study.
UCP3 mRNA Ievels in the brown adipose tissue of
transgenic mice were not significantly different from
those of non-transgenic littermates, No band of UCP3
mRNA was detected in tissues of transgenic mice
other than skeletal muscle, cardiac muscle and brown
adipose tissue. The phenotype described here there-
fore results primarily from the expression of the
transgene in the skeletal muscle.

Expression of the UCP3 gene has been reported to
increase 10- to 20-fold in response to physiological
stimuli such as fasting [14]. An approximately 18-fold
increase of UCP3 mRNA, as observed in transgenic
mice in our study, seems to be feasible by physiologi-
cal or pharmacological stimuli in vivoe.

Our findings for mice on a standard chow diet, with
no significant differences across a wide range of fac-
tors studied, indicate that an approximately 18-fold
overexpression of UCP3 mRNA does not strongly
affect energy expenditure on a standard chow diet.
However, after a 4-week high-fat diet, transgenic mice
were approximately 14% less obese than non-trans-
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genic littermates. This finding is consistent with the
tendency of transgenic mice to weigh less on a stan-
dard chow diet than their non-transgenic littermates.
The increase in body weight of transgenic mice for
this 4-week period was nearly 50% less than that
of non-transgenic littermates. Moreover, the mean
weight of the epididymal fat pad was approximately
20% lower in transgenic mice than in non-transgenic
littermates after a 4-week high-fat diet. As no signifi-
cant difference in food intake was noted between
transgenic mice and non-transgenic littermates, the re-
duction of body weight and epididymal fat pad can be
explained by the significantly increased oxygen con-
sumption of transgenic mice on a high-fat diet. The
reason why oxygen consumption was significantly in-
creased on a high-fat diet but not on a standard chow
diet is not clear. It is also not clear whether the im-
proved ghicose tolerance and insulin sensitivity seen
in transgenic mice as compared with non-transgenic
littermates can be explained by the reduction of obesi-
ty or by any other mechanisms,

In one study on transgenic mice which overex-
pressed human UCP3 mRNA by approximately
66-fold in the skeletal muscle [13] transgenic mice on
standard chow were leaner and had decreased adipose
tissue mass, improved glucose metabolism and in-
creased metabolic rates (oxygen consumption). The
phenotype of transgenic mice on a standard chow diet
in this study was consistent with that of our transgenic
mice on a high-fat diet. The discrepancy between their
and our phenotypes on a standard chow diet could be
explained by the difference in mRNA levels of over-
expressed UCP3 (66-fold vs 18-fold). Recently the
same authors reported that the increase in protein
levels of overexpressed UCP3 in their transgenic mice
was approximately 23-fold [27], which was also larger
than in our transgenic mice (23-fold vs 15-fold). Al-
though this difference in the UCP3 protein levels is
not so large, it is possible that a small difference of
UCP3 protein concentration in this range is critical for
the discrepancy between phenotypes on a standard
chow diet. Alternatively, the discrepancy could be due
to the difference in the species of overexpressed trans-
gene (human UCP3 vs. mouse UCP3). Taken together
with these other findings, our study suggests that
overexpression of UCP3 can cause increased energy
expenditure, resulting in less adipose-tissue mass and
improved glucose metabolism.

In conclusion, our transgenic mice with approxi-
mately 18-fold overexpression of UCP3 mRNA did
not show any obvious phenotype on a standard chow
diet, but were less obese and had improved glucose
tolerance on a high-fat diet. As an 18-fold increase
of UCP3 mRNA could be attained by physiological
or pharmacological stimuli, our results suggest that
drugs which increase UCP3 could be effactive
against obesity and Type 2 diabetes, with few adverse
effects.
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Gene and Phenotype Analysis of Congenital Generalized
Lipodystrophy in Japanese: A Novel Homozygous
Nonsense Mutation in Seipin Gene

KEN EBIHARA, TORU KUSAKABE, HIROAKI MASUZAKI, NOZOMI KOBAYASH]I,
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Department of Medicine and Clinical Science, Kyoto University Graduate School of Medicine, Kyoto 606-8507, Japan

Congenital generalized lipodystrophy (CGL), Berardinelli-
Seip syndrome, is a rare metabolic disorder characterized by
a near total lack of adipose tissue from birth or early infancy.
Recently, seipin, encoding a 398-amino acid protein of un-
known function, and AGPAT2, encoding 1-acyl-sn-glycerol-3-
phosphate acyliransferase 2, were identified as causative
genes for CGL. Seipin mutations were found in patients from
families originating from Europe and the Middle East.
AGPAT2 mutations were found predominantly in African an-
cestry. However, no information is available on these genes in
the pathogenesis of CGL in Asian ancestry. We examined the

sequences of the entire coding region of seipin and AGPATZ in
four Japanese CGL patients from independent families. Their
average body fat content was 4.7 + 0.5%, and the plasma leptin
level was 1.15 = 0.14 ng/ml. We identified a novel nonsense
mutation of seipin at codon 275 (R275X). Of four CGL patients,
three were homozygous for R275X. No seipin mutation was
found in any exon in one patient. We did not find any AGPAT2
mutations in our Japanese patients, suggesting that AGPAT2
is a minor causative gene, if any, for CGL in Japanese, This is
the first report on gene and phenotype analysis of CGL in
Japanese. (J Clin Endoerinol Metab 89: 2360-2364, 2004)

ONGENITAL GENERALIZED LIPODYSTROPHY
(CGL), Berardinelli-Seip syndrome, is characterized
by a near total lack of adipose tissue from birth (1-3).
Patients with CGL show severe insulin resistance, hyper-
triglyceridemia, and fatty liver. These metabolic abnor-
malities develop as a consequence of mass reduction of
adipose tissue (4, 5). Leptin is an adipocyte-derived hor-
mone that plays an important role in the regulation of
glucose and lipid metabolism (6-8). Plasma leptin con-
centrations are markedly reduced in patients with Lipo-
dystrophy (9, 10). In this context, we and others (11, 12)
demonstrated that transgenic overexpression of leptin or
exogenous leptin administration reverses the metabolic
abnormalities in different mouse models'of lipoatrophic
diabetes, indicating that the metabolic abnormalities in
patients with lipodystrophy are caused mainly by a lack
of leptin. However, the genetic defect that causes a failure
of adipogenesis or adipocyte differentiation in CGL had
long been unknown.

CGL has been suggested to be an autosomal recessive
disorder. Recently, two causative genes for CGL were iden-
tified. One is a gene encoding a protein named seipin, whose
function is unknown (13). The other is the AGPAT2 gene
encoding 1-acyl-su-glycerol-3-phosphate acylfransferase 2
that belongs to the family of acyltransferases and catalyzes

Abbreviations: ANP, Atrial natriuretic peptide; BMI, body mass in-
dex; BNP, brain natriuretic peptide; CGL, congenital generalized lipo-
dystrophy; IQ, intelligence quotient; MRI, magnetic resonance imaging;
SNP, single nucleotide polymorphism.

JCEM is published monthly by The Endoctine Sodciety (hitpiwww.
endo-society.org), the foremost professional society serving the en-
docrine community.

the biosynthesis of glycerophospholipids and triglyceride
(14). The seipin gene is located in chromosome 11q13, and the
AGPAT2 gene is located in chromosome 9q34. Although
there is no difference in the prevalence of metabelic disorders
such as insulin resistance, hypertriglyceridemia, and fatty
liver between patients with the seipin or AGPAT2 mutation,
CGL due to seipin mutation appears to be a more severe
disease than that due to AGPAT2 mutation, with a higher
incidence of premature death and a lower prevalence of
partial and/or delayed onset of lipodystrophy (15). Fur-
thermore, patients with the seipin mutation have a higher
prevalence of intellectual impairment than those with the

~ AGPAT2 mutation (15).

Seipin mutations were found in patients originating from
Europe and the Middle East. AGPAT2 mutations were found
predominantly in African ancestry. However, no informa-
tion is available about these genes in the pathogenesis of CGL
in Asian subjects. The present study is the first report on gene
and phenotype analysis of CGL in Japanese.

Subjects and Methods
Study subjects

Sequence analyses of seipin and AGPAT2 were performed in four
Japanese CGL patients (two men and two women). The clinical features
and laboratory data of these patients are presented in Tables 1 and 2. All
of these patients had a near total lack of body fat from birth. The study
was approved by the ethical committee of Kyoto University Graduate
School of Medicine. All subjects gave written informed consent for
participating in the study.

Materials end methods

Genomic DNA was isolated from blood using InstaGene Whole Blood
kit (Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.
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The coding regions of seipin and AGPAT2 were amplified by PCR using
gene-specific primers (13, 14) in seven and six fragments, respectively.
PCR products were separated by electrophoresis in 2% agarose gel,
purified, and sequenced directly by the dideoxy chain termination
method with both forward and reverse primers on an ABI PRISM 310
Genetic Analyzer (PerkinElmer, PE Applied Biosystems, Foster City,
CA). Genotyping of the patients with highly polymorphic microsatellite
markers in chromosome 11q13 for the seipin locus and chromosome 9934
for the AGPAT?2 locus was conducted with an ABI PRISM 310 Genetic
Analyzer equipped with GeneScan analysis software (version 2.1,
PerkinElmer).

The body mass index (BMI) was calculated as weight in kilograms
divided by height in meters squared. Body fat was determined by dual
energy x-ray absorptiometry. Body fat distribution was assessed using
the whole body magnetic resonance imaging (MRI). MRI was performed
using a 1.5-Tesla imaging device (Phillips Medical Systems, Best, The
Netherlands). The entire body was surveyed using contiguous axial
10-mm slices and a relatively T1-weighted spin echo sequence. Blood
samples were obtained after an overnight fast. Plasma leptin levels were
determined by immunoassay using a commercial kit (Linco Research,
Inc., St. Charles, MO). Blood glucose and triglyceride levels were de-
termined according to standard methods with the use of automated
equipment. Hemoglobin A,, values were measured by ion exchange
HPLC. Serum insulin levels were determined by immunocassays using
reagents provided by Shibayagi Co. Ltd. (Gunma, Japan). The presence
of hypertrophic cardiomyopathy was assessed using echocardiography,
electrocardiography, and plasma atrial natriuretic peptide {ANP) and
brain natriuretic peptide (BNF) levels. Plasma ANP and BNP levels were
determined by immunoradiometric assay (Shionogi, Osaka, Japan} (16,
17). Fatty liver was diagnosed by both ultrasound and computed to-
mographic imaging. Intelligence quotient (IQ) was assessed using the
Wechsler Adult Intelligence Scale-revised (18).

Statistical analysis

The average BMI in patient 1's family members with or without
R275X heterozygous mutation were expressed as the mean * sg. Com-
parison among groups was assessed by ANOVA and was completed by
Fisher's probable least significant difference test.

Results

We studied four Japanese CGL patients from independent
families. Clinical features of the patients are provided in
Tables 1 and 2. These four patients showed generalized re-
duction or a near total lack of adipose tissue from birth. They
presented with low body fat content and plasma leptin levels.
Whole body MRI scans were available for patients 1, 3, and
4 (Fig. 1). All of these patients showed nearly total absence
of sc fat throughout the body, including palm, sole, and head.
They also showed near absence of ip fat. Retroorbital and

TABLE 1. Clinical features of patients with CGL
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bone marrow fat were preserved only in patient 4, not in
patients 1 and 3. Patients 1, 3, and 4 had overt diabetes and
markedly elevated hemoglobin A, values. Patient 1 was re-
ceiving insulin therapy. Patient 2 was not diabetic, although
she presented with hyperinsulinemia. Patients 1 and 3 had
both hypertriglyceridemia and fatty liver. In patient 2, hy-
pertriglyceridemia and fatty liver had been observed in
childhood. However, her fatty liver was improved on a strict
Iow fat diet. Neither hypertriglyceridemia nor fatty liver was
seen in patient 4. The prevalence of hypertrophic cardiomyop-
athy in CGL was reported as approximately 20% regardless of
genotype (15). We assessed the presence of hypertrophic car-
diomyopathy using echocardiography, electrocardiography,
and plasma ANP and BNP levels. These results are presented
in Table 3. Echocardiography indicated no apparent sign of
hypertrophy in interventricular septal wall and left ventric-
ular posterior wall. Electrocardiography indicated no sign of
left ventricular hypertrophy. Plasma levels of ANP and, es-
pecially, BNP were elevated in patients with hypertrophic
cardiomyopathy (19). Although the plasma BNP level in
patient 3 was slightly elevated, all patients’ levels of both
ANP and BNP were almost within normal range. None of the
four CGL patients had obvious hypertrophic cardiomyopa-
thy. IQ was assessed in patients 1 and 4. Their IQs were 76
and 80, respectively, which were relatively low, but in the
normal range. A formal assessment was not available for
patients 2 and 3, but they also showed no distinct intellectual
impairment that interfered with daily or school life. All four
patients had mild to moderate acanthosis nigricans. Patient
2, who was 12 yr of age, had still not experienced menopha-
nia. Patient 3 experienced menophania at the age of 12 yr, but
presented with oligomenorrhea and polycystic ovary in our
study.

Sejt;uence analysis of the entire coding regions of seipin and
AGPAT? disclosed a novel homozygous C to T mutation at
nucleotide 823 in exon 8 of seipin in patients 1, 2, and 3 (Fig.
2). This mutation predicts the substitution of arginine at
codon 275 by the stop codon (R275X). Patient 4 had no mu-
tation in the coding regions of the seipin gene. We did not find
any AGPAT2 gene mutation in all four Japanese patients. The
pedigrees of the patients are illustrated in Fig. 3. Consan-
guinity was recognized in the pedigrees of the patients with
the seipin mutation, but not in the pedigree of patient 4.
Although a DNA sample from the father of patient 3 was not
available, the remaining five parents of the three patients
with the seipin gene mutation were all heterozygous for the

Patient e BMI Body fat Leptin R .
o, Sex ‘é‘i) (kg/m?) @ (ng/mil) mutation. Parents showed no CGL phenotypes. Their BMI
1 M 19 20 5.0 123 ranged from 23.5-26.3, and they were not diabetic. We also
2 F 13 16 3.3 1.05 examined 10 family members of patient 1 for the R275X
3 F 23 21 5.7 1.50 mutation and found six of them to be heterozygous (Fig. 2A).
4 M 29 14 47 0.82 We found no significant difference in the average BMI be-
TABLE 2. Metabolic characters of patients with CGL
Patient M Ago of onset Glucose Insulin HbA,, Triglyceride Fatty
no. of DM (y1) (mg/dl) (xU/ml (%) (mg/dl) YLiver
1 + 10 238 ND 8.8 547 . +
2 - - 82 49.0 6.0 180 -
3 + 5 268 17.2 118 318 +
4 + : 12 142 5.2 10.3 69 -

+, Present; —, absent; DM, diabetes mellitus; HbA,_, hemoglobin A;_; ND, not determined.
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FiG. 1. Tl-weighted magnetic reso-
nance images at the levels of orbits (A—
D), umbilicus (E-H), palm (I-L), and
thigh (M-P) in the control (A, B, I, and
M) and in patients 1 (B, F, J, and N), 3
(C,G,K,and O),and 4 (D, H, L, and P).

TABLE 3. Clinical parameters related to hypertrophic
cardiomyopathy in patients with CGL

Echocardiography

Patient —— ECG ANP BNP

ne. wsT PWT LVH (pg/ml) {(pg/mD)

{mm} (mm)

1 10 8 - 7.1 5>

2 9 8 - 9.4 9.2

3 9 9 - 14.5 16.3

4 7 7.5 - 15.0 5>

IVST, Interventricular septal wall thickness; PWT, left ventricular
posterior wall thickness; ECG, electrocardiogram; LVH, left ventric-
ular hypertrophy diagnosed based on the presence of tall left precar-
dial R waves and deep right precardial S waves (SV1 + RV5 or RV6
>35 mm}); —, ahsence,

tween the family members with or without the R275X het-
erozygous mutation (25.5 = 3.6 and 27.8 = 3.3 kg/m?, re-
spectively; P = 0.33). We also found no difference in the
prevalence of diabetes mellitus between these two groups. Of
10 family members, one for each genotype had diabetes
mellitus. These observations indicate that CGL caused by the
seipin R275X mutation is inherited as an autosomal recessive
fashion.

Weinvestigated the genotype using microsatellite markers
on seipin and AGPAT2 lod and single nucleotide polymor-
phisms (SNPs} within the seipin gene (13, 20) (Table 4). Pa-
tients 1-3 were homozygous for the microsatellite markers
flanking the seipin gene and the SNPs within the gene. In
addition, they were disclosed to have the same genotype of
microsatellite markers in this region and the SNPs, On the
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other hand, patient 4 was heterozygous for both seipin and
AGPAT2 lodi.

Discussion

Seipin is homologous to ¢cDINA of the mouse Gng3lg with
unknown function, which is localized in the region of mouse
chromosome 19 that is orthologous to human 11q (13, 21-23).
Comparison between mouse and human sequences showed
that the human ¢DNA contained an open reading frame of
1196 nucleotides, starting at position 345. Seipin is a pre-
dicted protein with 398 amino acids and more than two
hydrophobic amino acid stretches, suggesting thatit could be
a trans-membrane protein. However, seipin has no similarity
with other known proteins or consensus motif that could
predict its function. Fourteen different sefpin mutations, in-
cluding R275X, have been identified to date (13, 15). Of these
mutations, R275X is the most C-terminally located mutation.
R275X results in a deletion of 124 amino acids of its C-
terminal region. The patients with the homozygous R275X
mutation show typical CGL phenotypes, suggesting that the
C-terminal region of 124 amino acids could be important for
the protein function, especially in adipogenesis or adipocyte
differentiation. The metabolic phenctypes including insulin
resistance and dyslipidemia in our subjects were similar to
those observed in CGL subjects with the seipin mutation from
other ethnic groups (13, 15). This suggests that the seipin gene
mutation alone is sufficient for the onset of these metabolic
abnormalities.

Of four patients we investigated, three had a homozygous
mutation in the seipin gene, and their mutation was the same
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A
Codon 274 278 276
Amino acid | X K
Nucleotide ATCIGAAAA
B

Codon 274 . 275 276
Amino acid I rRX K
Nuocieotide ATCCGAAAA

Codon 274 275 216
Amino acid I R K
Nucleotide ATCCGAAAA

Fic. 2. Sequence analyses of the seipin gene. A, B, and C, Homozy-
gous and heterozygous C to T mutations and normal sequence at
pucleotide 823 in patient 1, his father, and his aunt.

R275X mutation in all of them. Although they were from
independent families living in different remote regions in
Japan, they had the same genotype of the microsatellite
markers flanking the seipin gene and the SNPs within the
gene. This demonstrates that they have a common ancestor
in whom the R275X mutation was originated.

We did not find any mutations in the coding regions of
seipin and AGPAT2 in patient 4. Genotype analysis using
microsatellite markers and SNPs revealed that he is het-
erozygous for seipin and AGPATZ loci. His phenotype, with-
out hypertriglyceridemia and fatty liver, is atypical for CGL
with seipin or AGPAT2 mutation. Further, retroorbital and
bone marrow fats are preserved only in patient 4 in the
* present study. Taken together, it is unlikely that seipin and
AGPAT2 genes link to his disease, although we cannot com-
pletely exclude the possibility that he has compound het-
erozygous mutation in noncoding regions of the genes. In
addition, the generalized deficiency of body fat and the typ-
ically lipoatrophic face were noticed at birth, and autoim-
murie or causative disease has not been demcnstrated in
patient 4. These findings indicate the possible existence of
another locus for CGL.

We did not find any AGPAT2 mutations in these four

J Clin Endocrinol Metab, May 2004, 89(5):2360-2364 2363

A B
oo
oo
KR X RR
RX BX_RR BX | RX
XX
RX RX XX
C
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oomnmbOD
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D
L
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o

Fic. 3. Pedigrees of patients 1 (A}, 2 (B}, .3 (C), and 4 (D). Squares and
circles indicate males and females, respectively. The probands are
shown as filled symbols, and other family members are shown as
unfilled symbols. The R275X homozygous mutation is shown as XX,

the heterozygous mutation is showvm as RX, and the wild type is shown
as RR.

TABLE 4. Status of microsatellites and SNPs at the seipin and
AGPAT2 lodi in patients

R . Patient no.
Microsatellites
1 2 3 4

Seipin
D118986 . 1,2 44 22 14
D1154191 2,5 6,6 5,0 2,7
D1181765 11 1,1 11 1,1
D1154076 2,2 3,3 22 2,3
CA10 6,6 6,6 6,6 1,5
CA9 1,1 11 1,1 12
D11S480 11 1,1 1,1 1,1
D1181883 2,2 2,2 11 1,2
D1154205 1,1 3,3 3,3 3,3
PYGM 2,2 -34 4,5
SNPs
Int5/+ 69 GG GG GG AG
Int5/—49 C.C C.C c.C T,.C
Ex9/65 AA AA AA AG
AGPAT2
D9S164 4,5 1,4 3.4 3,5
DIS1818 2,3 23 11 2,3
DB31826 2,7 14 4.5 - 27
D951838 2,2 2,6 1,3 2,4
D95158 11 11 3.3 2,5

patients. Although the number of subjects we examined was
small, these observations indicate that AGPAT2 is a minor
causative gene for CGL in the Japanese people. We also
elucidated that one of four patients is without seipin or
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AGPAT2 mutations. He did not present a lipid metabolic
disturbance until now, although dyslipidemia is one of the
major phenotypes of CGL caused by seipin or AGPAT2 mu-
tations. This observation is consistent with the presence of
another CGL-associated gene (20). This is the first report of
gene and phenotype analysis of CGL in the Japanese
population.
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Androgen Contributes to Gender-Related Cardiac

Hypertrophy and Fibrosis in Mice Lacking the Gene
Encod.mg Guanylyl Cyclase-A

YUHAO LI, ICHIRO KISHIMOTO, 'YOSHIHIKO SAITO, MASAKI HARADA, KOICHIRO KUWAHARA,
TAKEHTKO IZUMI, ICHIRO HAMANAKA, NOBUEKI TAKAHASHI, RIKA KAWAKAMI,

KEIJI TANIMOTO, YASUAKT NAKAGAWA, MICHIO NAKANISHI, YUICHIRO ADACH],

DAVID L. GARBERS, AKIYOSHI FUKAMIZU, ano KAZUWA NAKAO
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. Department of Pharmacology (D.L.G.), University of Texas, Southwestem Medical Center at Dallas, Dallas, Texas 75390;
and Center for Tsukuba Advanced Research Alliance (A.F.), Institute of Applied chhemzstry, Unwerﬂty of Tsukuba,

Tsukuba, Ibamk: 305-85 71, Japan

Myocardial hypertrophy a.nd extended cardiac fibrosis are
independent risk factors for congestive heart failure and sud-
den cardiac death. Before age 50, men are at greater risk for
cardiovascular disease than a.ge-matched women. In the cur-
rent studies, we found that cardiac hypertrophy and fibrosis
were significantly more pronounced in males compared with
females of guanylyl cyclase-A knockout (GC-A KO) mice at 16
wk of age. These gender-related differences were not seen in
wild-type mice. In the further studies, either casiration (at 10
wk of age) or fluiamide, an androgen recepior antagonist,
markedly attennated cardiac hypertrophy and. fibrosis in
male GC-A EO mice without blood pressure change. In con-
trast, ovariectomy (at 10 wk of age) had little effect. Also,
chronic testosterone infusion increased cardiac mass and fi-

brosis in ovariectomized GC-A mice. None of the treatments
affected cardiac mass or the extent of fibrosis in wild-type
mice. Overexpression of mRNAs encoding atrial natrinretic
peptide, brain natriuretic peptide, collagens I and ITI, TGF-81,
TGF-A3, angiotensinogen, and angiotensin converting en-
zyme in the ventricles of male GC-A KO mice was substantially
decreased by castration. The gender differences were virtu-
ally abolished by targeted deletion of the angiotensin IT type
1A receptor gene (AT1A). Neither castration nor testosterone
administration induced any change in the cardiac phenotypes
of double-EO mice for GC-A and AT1A. Thus, we suggest that
androgens contribute to gender-related differences in cardiac
bypertrophy and fibrosis by a mechanism involving AT1A re-
ceptors and GC-A. (Endocrinology 145: 851-958, 2004)

YOCARDIAL HYPERTROPHY IS prevalent in a sub-
stantial portion of individuals with essential hyper-
tension (1, 2), and it is recognized as an indeperident risk
factor for congestive heart failure and sudden cardiac death
(3). Extended cardiac fibrosts results in increased myocardiat
stiffness, causing ventricular dysfunction and, ultimately,
heart failure (4). Significant gender-related differences in the
cardiovascular system are now well documented, and before
the age of 50, men are at greater risk for cardiovascular
diseases than age-matched women (5-9). However, the pre-
cise mechanism underlying gender-related differences in
cardiac diseases is not fully understood. The results of both
in vitro and in vivo studies indicate that sex steroids play a key
role in the development of cardiac structural abnormalities.
Estrogen and androgen receptors are present in myocardial
tissues {10-12). Estradiol has antiproliferative effects on car-

Abbreviations: ACE, Angiotensin converting enzyme; Agt, angio-
tensinogen; Ang, angiotensir; ANP, atrial natriuretic peptide; AR, an-
drogen receptor; AT1A, Ang I type 1A; BNP, brain natriuretic peptide;
BW, body weight; GC-A, guanylyl cyclase-A; HR, heart rate; KO, knock-
out; LVW, left ventricular weight; OVX, ovariectomy; SEP, systolic blood
pressure; WT, wild-type.

Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
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diac fibroblasts (13) and vascular smooth-muscle cells (14,
15), whereas androgens- increase proliferation of vascular
smooth-muscle cells (16). Studies using sinoaortic denerva-
tion-induced cardiac hypertrophy in rats have also shown
that testosterone facilitates hypertrophy but estradiol inhib-
its it (17). A less severe model of cardiac hypertrophy in rats
(swimming- or hypertension-induced) failed to confirm the
antiproliferative effect of estradiol (18). Moreover, not all
males, whether human or experimental animal, develop gen-
der-related cardiac abnormalities. Somjen and colleagues
(15) reported a biphasic proliferative response for both es-
trogen and testosterone in vascular smooth muscle and en-
dothelial cells. It, therefore, is unclear how gender-induced
changes in cardiac structural pathology are made manifest.

Mice lacking guanylyl cyclase A (GC-A), a natriuretic pep-
tide receptor, exhibit salt-resistant hypertension, myocardial
hypertrophy and interstitial fibrosis, and sudden death (be-
fore the age of 6 months) (19-20), In the present study, we
found that male GC-A knockout (KO) mice show more pro-
nounced cardiac hypertrophy and fibrosis compared with
female GC-A KO mice and that gender-related differences
are not seen in wild-type (WT) mice. Additionally, we found
that these gender-related differences are attenuated either by
castration or flutamide, an androgen receptor (AR} antago-
nist, and abolished by genetic disruption of angiotensin



952 Endocrinology, February 2004, 145(2):951-858

(Ang) II type 1A (AT1A) receptors in male GC-A KO mice.
We propose that androgens contribute to gender-related dif-
ferences in cardiac structure and that the AT1A receptor and
GC-A are involved in a reciprocal fashion.

Materials and Methods
Animals and treatments

All experimental procedures were carried out in accordance with
Kyoto University standards for animal care. GC-A KO mice were orig-
inally generated at the University of Texas, Southwestern Medical Cen-
ter at Dallas and Howard Hughes Medical nstitute. Mice were housed
in groups of three to five per cage under climatecontrolled conditions
with a 12-h light/dark cycle and were provided with standard food
{(CRF-1; Oriental Yeast Co., Ltd, Tokyo, Japan) and water a4 libitum. The
WT (GC-A+/+,AT1IA+/+), ATIAKO(GC-A+/+,ATIA-/-},GC-A
KO (GC-A—/—, AT1A+/+), and double KO (GC-A—/—, ATIA~/-)
mice used in these experiments were generated from heterozygous
(GC-A+/—, AT1A +/—) mice after crossing of single GC-A KO (19) and
AT1A KO (21) mice, The genetic background of the original GC-A KO
and AT1A KO mice was C57BL/6. Genotypes were determined before
and verified after experimentation using PCR. Comparisons of age and
body weight (BW) between the KO and WT mice were made among
littermates. Also comparisons of age, body weight, and systolic blood
pressure (SBP) between control and treated mice were performed.

Measurement of heart rate (HR) and SBP

HR and SBP were measured in conscious mice using a computerized
tail-cutf method (Softron Co., Ltd., Tokyo, Japan) (19, 21). Briefly, mice
wete restrained in a pocket and warmed at 38 C. HR and SBP were
measured at 1000-1400 h and calculated as the average of six sessions
per day after mice were adapted to the apparatus for 5 d. The validity
of this system has been established previously in our laboratory (22).

Measurement of left ventricular weight (LVW) and
interstitial fibrosis

After animals were killed by cervical dislocation under anesthesia
with ether at 16 wk of age, the hearts were dissected out, LVW was
measured, and its ratio to BW (LVW/BW) was calculated and used as
an index of ventricular hypertrophy. The left ventricles were then fixed
in 10% formalin and prepared for routine histological examination. To
determine the degree of collagen fiber accumulation, we randomly se-
lected 20 fields in three individual sections and calculated the ratio of
the areas of van Gieson-stained interstitial fibrosis to the total left ven-

TABLE 1. Primer and probe sequences for RT-PCR assays
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tricular area using image analysis software and a Zeiss K5400 system;
petivascular fibrosis was excluded in the present study.

mRNA analysis

Total mRNA was prepared from the left ventricle using TRIzol (Life
Technologies Inc., Rockville, MD). Expression of mRNAs encoding atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP), collagens I
and I, TGE-B1, TGF-B3, angiotensinogen {Agt), and Ang vonverting
enzyme (ACE) was evaluated using quantitative RT-PCR in a 7700
sequence detector (ABI PRISM, Applied Biosystems, Foster City, CA).
The oligonucleotide primers are shown in Table 1. Glyceraldehyde-3-
phosphate dehydrogenase mRNA was also amplified with specific
primers and probe (Applied Biosystems).

Experimental protocols

We first compared the gender-related differences in the phenotypes
of 16-wk-old GC-A KO and WT mice (n = 7-9 per group). HR and SBP
were measured, and LVW, LVW/BW, and left ventricular fibrosis were
calculated, after which related mRNA expression was analyzed.

To evaluate the involvement of estrogen in gender-related differ-
ences, we compared the phenotypes of sham-operated and ovariecto-
mized {OVX) mice (n = 7-9 per group}. Under anesthesia with ether, the
ovaries of 10-wk-old female mice were exteriorized, ligated, and re-
moved via bilateral paralumbar incisions, which were then closed with
sutures. In sham mice, the ovaries were exteriorized and replaced, and
the incisions were closed. Six weeks later, FHIR and SBP were measured,
and the animals were killed. i : )

To investigate the effects of androgens, male mice at 10 wk of age (n =
7-9 per group) were castrated using the trans-scrotal approach. Sham
castration consisted of extetiorizing and replacing the testes. As in fe-
males, 6 wk later, HR. and SBP were measured, and the animals were
killed.© - - :

To confirm the role of androgen, we ovariectomized female WT and
GC-A KO mice (n = 67 per group) under anesthesia with ether at 10
wk of age and sc implanted a testosterone pellet (25.0 mg/pellet, 60-
darelease, catalog item SA-151) or vehicle pellet (placebo for testoster-
one, catalog item SC-111) (Innovative Research of America, Sarasota, FL)
between the shoulders. Six weeks later, the animals were killed after HR
and SBP were measured.

We further confirmed the role of androgens by chronically blocking
AR with flutamide (23-24). Flutamide (Sigma Chemical Co., St. Louis,
MO; 8 mg/kg-d, dissolved in polyethylene glycol 300) was sc infused for
6 wk using an osmotic mini-pump (model 2002, Alza Corp., Mountain
View, CA) at 10 wk of age in male animals {(n = 7-9 per group). The
mini-pumps were sc implanted under the mice were anesthetized with

mRNA FProbe Primers®
ANP TGTACAGTECGETGTCCARCACAGAT FGCCATATTGGAGCAAATCCT
’ ' o YGCAGGETTCTTGAAATCCATCA
BNP TGCAGAAGCTGCTCGAGC TGATAAGA FCCAGTCTCCAGAGCAATTCAR
rGCCATTTCCTCCGACTTTT
AT1A CCGGAATTCAACGCTCCCCA fGTTTCCCCTTTTCATTACGAGT
rTCTTGETTAGGCCCAGTCCT
ACE CACATCCCARACGTGACACCGTACAT FCGGAATGARACCCATTTTGA
rGCACAAAGCTCACGARGTACC
Agt AGGTTCTCAATAGCATCCTCCTCGAACTC FCATTGGTGACACCAACCCC
YGCTETTCCTCCTCTCCTGCT
TGF-81 AGCGCATCGAAGCCATCCG FGACGTCACTGGAGTTGTACGE
rGOTGARTCGAARGCCCTGT
TGF-3 CGGATGAGCACATAGCCARGCA FITGAGCTCTTCCAGATACTTCG
ITTCTTGCCACCTATGTAGCE
Collagen I CACGGCTGTGTGCGATGACG FGTCCCAACCCCCARAGAC
) ICATCTTCTGAGTTTGGTGATACGT
Collagen ITT TCCCACTCTTATTTTGGCACAGCAGTS FTGGTTTCTTCTCACCCTTCTTC

rTGCATCCCAATTCATCTACGT

Sequences are listed 5' to 3'. o
@ Forward primers are designated by f and reverse primers by r.

_8 g_
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ether and changed with new ones every 2 wk. Control mice were ad-
ministered only vehicle. Six weeks later, the animals were analyzed.

To assess the involvement of the AT1A receptors in GC-A disruption-
induced gender difference, we deleted AT1A receptor by the described
method above. At 16 wk of age, the animals (n = 5-9 per group) were
analyzed.

To further support the conclusion of AT1A receptor involvement, we
castrated male double-KO mice (10 wk old; n = 56 per group) and
chronically infused exogenious testosterone and analyzed the animals by
the described methods above.

Statistical analysis

All results are expressed as means * sEM. Data were analyzed by
one-facter ANOVA. If a statistically significant effect was found, the
Newman-Keuls test was performed to isolate the difference between the
groups. Values of P < 0.05 were considered statistically significant.

Results -
GC-A deficiency induces gender-related cardiac differences

Targeted deletion of GC-A led to increased LVW/BW
ratios in both male and female mice. However, the effect was
greater in males {58% increase vs. 33% increase in females;
Fig. 1A). In contrast, in WT mice, there was no difference in
LVW/BW ratio in males vs. females (Fig. 1A). In addition,
male GC-A KO mice, but not WT mice, exhibited higher
levels of left ventricular fibrosis than did females (378% vs.
44%, respectively; Fig. 1, B and C). On the other hand, there
was no gender-related difference in HR (WT female 599.6 =
26.1 vs. male 619.0 * 52.4 beats/min; GC-A KO female
574.5 = 259 vs. male 571.3 + 28.1 beats/min; n = 7-9 per
group) or in SBP (WT fernale 118.4 £ 1.7 vs. male 113.2 + 34
mm Hg; GC-AKO female 140.0 + 3.4 v5. male 147.4 + 2.2 mm
Hg; n = 7-9 per group) in either genotype. Male mice
weighed more than females, but there was no difference
between genotypes [WT female 25.0 * 0.9 7s. male 32.3 *

Endocrinology, February 2004, 145(2):951-958 953

1.6 g (P < 0.05); GC-A KO female 25.1 + 0.8 vs. male 31.6 +
19 g (P < 0.05); n = 7-9 per group].

OVX has little effect in the heart

To elucidate a possible mechanism by which GC-A could
prevent gender-related difference in the heart, we first in-
vestigated the effects of estrogen depletion. OVX had no
effect on HR (WT sham 599.6 + 26.1 vs. OVX 5904 *+ 179
beats/min; GC-A KO sham 574.5 = 25.9 vs. OVX582.3 + 141
beats/min; n = 7-9 per group), SBP (WT sham 1184 x 1.7
vs. OVX 112.0 = 2.2 mm Hg; GC-A KO sham 140.6 * 3.4 vs,
OVX137.7 £ 3.0mm Hg; n = 7-9 per group), LVW /BW ratio,
ventricular fibrosis in either mouse type (Fig. 1, A-C), or BW
(WT sham 25.0 + 0.9 ps. OVX 25.6 * 0.8 g; GC-A KO sham
25.1 £ 0.8 vs. OVX 25.1 £ 1.6 g; n = 7-9 per group). '

Neither castration nor administration of an AR antagonist
diminishes cardiac hypertrophy and fibrosis in male GC-A
KO mice, whereas testosterone infusion increases cardiac
hypertrophy and fibrosis in OVX GC-A mice

In contrast to OVX, removal of testes was associated with
a marked reduction in the LVW /BW ratio and in ventricular
fibrosis in GC-A KO mice (by 20.5 and 44.7%, respectively)
but not to levels comparable to those seen in WT mice.
Castration had no effect in WT mice (Fig. 1). Castration
reduced BW in male WT as well as in male GC-A KO mice
IWT57 £ 05vs. 21 * 04 g (P < 0.05), and GC-AKO 6.6 +
0.9 vs. 2.7 £ 0.6 g (P < 0.05) for sham and castrated groups,
respectively; n = 7-9 per group]. Castration had no effect on
HR (WT 619.0 = 52.4 vs. 606.2 *+ 45.9 beats/min, and GC-A
KO 571.3 * 28.1 vs. 600.2 * 13.2 beats/min, for sham and
castrated groups, respectively; n = 7-9 per group) or SBP

>

*p<0.05

C

" |*

Fic. 1. GC-A disruption-induced gen-
derrelated differences in cardiac hy-
pertrophy and fibrosis were inhibited
by castration in male {Cast), but not in

LVW/BW (mg/g)

Female

U

female (OVX) mice that were castrated
at 10 wk and analyzed at 16 wk of age.

& T’

oo

Male

The ratio of the areas of van Gieson-
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(WT113.2 + 3.475.105.8 + 42mmHg, and GC-AKO147.4
2.2 vs. 1422 + 6.3 mm Hg, for sham and castrated groups,
respectively; n = 7-9 per group). The AR antagonist flut-
amide had similar effects to castration on LVW /BW, fibrosis
(Fig. 2), HR (data not shown), and SBP (data not shown). In
contrast, chronic infusion of testosterone increased
LVW/BW ratio (by 20%) and cardiac fibrosis (by 114%) in
OVX GC-A mice but not in OVX WT mice (Fig. 3). Testos-
terone treatment was also associated with increased BW in
GC-A KO but not in WT mice JWT 26 £ 03v5. 32203 g
(P < 0.05), and GC-A KO 2.9 £ 0.2 v5. 5.2 = 0.5 g (P < 0.03),
for sham and testosterone-treated groups, respectively; n =
6-9 in each group[. HR and SBP were not affected by tes-
tosterone treatment {data not shown).

Gender-related difference in molecular expression profile

Basal left ventricular levels of ANP, BNP, collagen [, col-
lagen I, TGF-81, and TGF-£3 mRNAs were all higher in
male than female GC-A KO mice. Castration of males de-
creased mRNA expression of these molecules to levels seen
in females (Fig. 4). Again, no gender-related difference or
castration-associated effects were seen in WT mice (Fig. 4). In
contrast to the above mentioned genes, the levels of Agt and
ACE mRNAs were higher in males than in females, and
castration of males strongly suppressed their expression, and
their levels were comparable in both genotypes of mice. -

Deletion of ATI1A abolishes gender-related
cardiac differences

Deletion of the AT1A gene in GC-A KO mice reduced
LVW/BW in both male and female mice, but the effects were
more pronounced in the males (by 34 and 32.7% in males vs.
18 and 23.5% in females, respectively). AT1A deletion also
markedly reduced cardiac fibrosis in male GC-A KO mice (by
57.5%). Gender-related cardiac differences (LVW/BW and
fibrosis) were evident only in GC-A KO mice, but not in WT
(as above), AT1A KO or double-KO mice (Fig. 5).

Castration or testosterone infusion fails to induce changes
in cardiar mass and fibrosis in male double-KO mice

In contrast to the data obtained in GC-A KO mice (see
above), neither castration nor testosterone infusion affected

Li et al. » Andregen and Cardiac Hypertrophy and Fibrosis

cardiac mass or the level of fibrosis in male double-KO mice
{data not shown). Similarly, HR and SBP were unaffected by
either castration or testosterone replacement (data not
shown).

Discussion

As previous literatures documented significant gender-
related differences in cardiovascular function and geometry
(6, 7), the present study demonstrates that male GC-A KO
mice show more marked left ventricular hypertrophy and
severe interstitial fibrosis than female ones. Considering the
protective effects of estrogen on the cardiovascular system
(25, 26), we first investigated the effects of estrogens on the
gender-related difference in the GC-A KO mouse hearts.
Although OVX had little effect on cardiac mass and fibrosis
in both WT and GC-A KO mice, there are still some possi-
bilities that have not been addressed, such as, first, the fact
that the effects of estrogen deprivation in women are not
immediate; they develop over years, meaning that the 6-wk
period of estrogen deprivation may be insufficient. Second,
phytoestrogens are found in over 300 plants, including some
used in human and animal diets (27-29). They can bind to the
estrogen receptor and induce estrogen-like effects in animals,
humans, and cells in culture. In the present study, we cannot
exclude the possibility that the chow of mice may contain
phytoestrogens, which may protect from (or limit) the effects
of OVX. Therefore, the role of estrogen in gender-related
cardiac difference observed in GC-A KO mice should be
further clarified. :

Next, we examined the effects of androgens. ARs are
widely distributed in the cardiovascular system, where they
have been identified on aortic, peripheral vascular, ventric-
ular, and atrial myocytes (30), and were recently shown to
mediate robust, testosterone-induced hypertrophic re-
sponses in cardiac myocytes (12). Nevertheless, although
virtually all men have much higher levels of androgens than
women do, not all men exhibit more severe cardiac hyper-
trophy and fibrosis. In the present study, significant gender-
related differences in cardiac abnormalities were observed
only in GC-A KO mice. In addition, it is notable that both
castration and AR antagonist markedly diminished cardiac
hypertrophy and fibrosis in male GC-A KO mice, and chronic

A *p<0.05 . B *p<.05
———
6 - * * 6 - .
5 J 5 o
=5 - —
FIe. 2. Chronic AR blockade with flutamide was E’ 4 = & 4
associated with decreased LVW/BW (A) and leff < 4 = f
ventricular fibrosis (B) in male GC-A KO mice. B 34 —T & 3 -
Flutamide (Flu; 8 mg/kg-d) or vehicle (Veh) wasse £ o e = J
infused for 6 wk starting at 10 wk of age. Values are E 3 =
mean * SEM; n = T7-9 per group; *, P < 0.05. - | |
14
0
Veh Flu Veh Flu Veh
T WT GCA KO WT
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left ventricular fibrosis (B) in OVX GC-AKObut  » § “ R A 27 *
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Fi¢. 4. Left ventricular levels of ANP, BNP, cu]lagenl cnllagen I, TGF-81, and TGF- BE. mRNAs were elevated in male (M) GC-A KO mice
and were reduced by castration to levels seen in females (F). Enhanced levels of Agt and ACE expression in male WT and GC-A KO mice
were suppressed by castration, and levels were comparable in both genotypes. mRNAs were evaluated using quantitative RT-PCR in a 7700
sequence detector (ABI PRISM). Levels in sham female WT mice were arbitrarily assigned a value of 1.0. A, ANP; B, BNP; C, co]lagen I
D, collagen III; E, TGF-£1; F, TGF-3; G, Agt; H, ACE. Values are mean + sEM; n = 7-9; *, P < 0.05.

testosterone infusion increased cardiac mass and fibrosis
only in OVX GC-A KO mice. ANP and BNP are well estab-
lished molecular markers for cardiac hypertrophy. It has

been demonstrated that the testosterone metabolite dihy-
drotestosterone is able to increase ANP secretion from ven-
tricular myocytes. An AR antagonist, cyproterone, abolished
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this effect (12). Like cardiac geometric changes, changes in
ANP and BNP, or markers for ventricular fibrosis, collagen
I, and collagen III were higher in male GC-A KO mice than
in females and were reduced by removal of testes. These
findings suggest that androgens play an important role in
gender-related cardiac differences in GC-A KO mice. Cas-
tration in males and AR antagonist could not reduce the
cardiac mass and fibrosis to WT levels, suggesting that more
than androgens are involved.

Ang H is known to potently stimulate cardiomyocyte and
fibroblast growth, both in vitro and in vive (31, 32), and the
tissue renin-Ang system is known to play a key role in car-
diac remodeling (33). It has been proposed that increased
ACE abundance in the hypertrophied and failing heart may
contribute to the local generation of Ang II and impact car-
diac remodeling through local paracrine or autocrine effects
(34-36). The greater abundance of ventricular ACE in males
may contribute to the tendency of male rodents to develop
cardiac abnormalities, which has been described in trans-
genic mouse models (37, 38) and spontaneously hypertensive
rats (39) and in response to left ventricular pressure overload
in rats (10) and in humans (430-42). It has been reported that
hepatic Agt mRNA levels are higher in intact male hyper-
tensive rats than 'in the females; moreover, those levels are
reduced by orchidectomy and increased by administration of
testosterone (43). Recently, Freshour et al. (44) demonstrated
a gender difference in the expression of ACE in the murine
heart with greater cardiac ACE levels seen in male animals
compared with females. Moreover, ventricular ACE levels
were substantially decreased in androgen-deprived males
(44). Consistent with those reports, our data show that levels
of cardiac Agt and ACE expression are higher in the ven-
tricles of both GC-A KO and WT males than they are in
fermnales. Castration reduced expression of Agt in the male
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ventricle to levels approximating those seen in the females in
both WT and GC-A KO mice. Given the evidence that Ang
[ has hypertrophic and fibrogenic activities in the heart, Ang
I is a possible candidate to link androgens with cardiac
abnormalities. It should be noted, however, that gender-
related increases in LVW/BW ratios and interstitial fibrosis
were cbserved only in the GC-A KO mice but not in WT mice,
despite the similar up-regulation of Agt and ACE expression
in ventricles of both genotypes of mice. We recently observed
that GC-A signaling counteracts Ang Il-induced cardiac ab-
normalities. A subpressor dose of Ang Il increased cardiac
mass and fibrosis only in male GC-A KO but not WT mice,
suggesting an augmented responsiveness to Ang II in the
heart of GC-A KO mice {22). Thus, we speculate that gender-
related differences in the heart were made manifest by Jack-
ing inhibitory actions of GC-A on AT1 signaling in GC-A KO
mice. Inhibitory effects of GC-A were also supported by the
overexpression of TGF-B1 and -3, which are activated by
ATIA signaling and responsible for interstitial fibrosis (28,
45-47), in GC-A KO mice.

To further test this hypothesis, we deleted the AT1A re-
ceptor gene, which mediates classical Ang II actions, includ-
ing cardiac hypertrophy and fibrosis, by crossing GC-A KO
mice and AT1A KO mice. The gender-related cardiac dif-
ferences were absent in the double-KO mice. Furthermore,
castration of males did not reduce and testosterone admin-
istration failed to increase the cardiac mass and fibrosis in
male double-KO mice. These results strongly suggest that
GC-A prevents androgen-induced cardiac abnormalities
mainly by inhibiting the androgen-Ang II-AT1A axis.

The present data did not indicate that androgens and Ang
1I solely provide a causative contribution to gender-related
cardiac differences in GC-A KO mice. LVW/BW in male
GC-A KO mice after castration or flutamide treatment were
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comparable to that in female GC-A KO mice, but the degree
of fibrosis was still higher in male GC-A KO mice after the
treatments than in females, suggesting androgens mostly
contribute to gender-related left ventricular hypertrophy,
and at least approximately 50% to the gender-related in-
crease in fibrosis. In the case of AT1A blockade, LVW/BW
in GC-A KO mice were reduced to the level corresponding
to that in WT mice, in which there was no difference in
hypertrophy, and fibrosis was more intensively reduced by
knocking out the AT1A receptor, compared with blockade of
ARs. These findings suggest that AT1A signaling contributes
not only to gender-related cardiac abnormalities but also to
abnormalities specifically observed in both genders of GC-A
KO mice, suggesting androgen is one of the factors up-
regulating the Ang system. Additional studies are required
to elucidate the entire mechanism for gender-related differ-
ence observed in GC-A KO mice, in which other molecules,
such as catecholamines and endothelin, would be involved.

Another interesting finding is that castration or the treat-
ment with androgen antagonist improved cardiac abnormal-
. ities in GC-A KO mice without significant change in SBP. As

" mentioned above, a subpressor dose of Ang Il exaggerated
hypertrophy and fibrosis in GC-A KO mice (22). It is likely,
therefore, that androgen-induced Ang II is sufficient for in-
ducing hypertrophy and fibrosis in GC-A XO mice but not
to elevate BP. '

The presence or absence of androgens in male GC-A KO
mice showed marked effects on the expression levels of ANP.
The molecular mechanism is unclear at present. In the
present study, despite the similar up-regulation of Agt and
ACE expression in ventricles of both male WT and GC-A KO
mice, ANP was markedly increased only in male GC-A KO
mice, We demonstrated a similar expression level of AT1A
mRNA in males and females of both WT and GC-A KO mice
(data not shown). Therefore, it seems that androgen-induced
intracellular signaling at a postreceptor level for modulation
of ANP gene expression is up-regulated in GC-A KO mice.
Ang Il is known to increase ANP expression mediated by
protein kinase C or MAPK (48). Further examination is nec-
essary to determine whether the protein kinase C or MAPK
pathway is involved in the elevation of ANP by androgens.

Recently, Nakayama ef al. (49) described a functional mu-
tation in the 5'-flanking region of the human GC-A gene that
reduces transcriptional activity by more than 70% in reporter
gene assay, is present in approximately 5% of the hyperten-
sive individuals in Japan, and is associated with cardiac
hypertrophy. Evidence also suggests that GC-A receptors
may be down-regulated in patients with chronic, severe heart
failure (50). Indeed, there may be substantial numbers of
patients whose abnormal GC-A signaling makes them sus-
ceptible to androgen-induced cardiac abnormalities. From
the clinical points of view, the present study raises the pos-
sibility of the prophylactic use of Ang II receptor blocker or
AR antagonist in patients with loss of functional mutations
in the GC-A gene.

Taken together, our findings strongly support the hypoth-
esis that androgen contributes to cardiac abnormalities via
the AT1A receptor. Furthermore, this androgenic effect is
normally inhibited by stimulation of GC-A by natriuretic
peptides.
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Abstract

Adrenomedullin reduces systemic blood pressure and increases urinary sodium excretion partly through the release of nitric oxide. We
hypothesized that chronic adrenomedullin infusion ameliorates salt-sensitive hypertension and increases the expression of renal nitric oxide
synthase (NOS) in Dahl salt-sensitive (DS) rats, because the reduced renal NOS expression promotes salt sensitivity. DS rats and Dahl salt-
resistant (DR) rats were fed a high sodium diet (8.0% NaCl) for 3 weeks. The high sodium diet resulted in an increase’'in blood pressure and a
reduction of urinary sodium excretion in association with increased renal adrenomedullin concentrations and decreased expression of renal
neuronal NOS (nNOS) and renal medullary endothelial NOS (eNOS) in DS rats compared with DR rats. Chronic adrenomedullin infusion
partly inhibited the increase of blood pressure and proteinuria in association with a restoration of renal nNOS and medullary eNOS
expression in DS rats under the high sodiurn diet. The immunohistochemical analysis revealed that the restored renal nNOS expression
induced by chronic adrenomedullin infusion may reflect the restoration of nNOS expression in the macula densa and inner medullary
collecting duct. These results suggest that adrenomedullin infusion has beneficial effects on this hypertension probably in part through
restored renal NOS expression in DS rats.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Salt sensitivity has been reported to be an independent
cardiovascular risk factor in patients with hypertension [1],
suggesting that the investigation of renal mechanisms of salt
sensitivity is necessary to open up a possible new
therapeutic strategy for hypertension. Nitric oxide (NO)
was reported to stimulate an adaptive response to increased
dietary sodium intake, cause vasodilation, and facilitate
natriuresis {2]. The inhibition of nitric oxide synthase (NOS)
was found to blunt the pressure—natriuresis relationship in
normotensive rats [3], suggesting that an impaired NOS may
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be one of the factors causing salt-sensitive hypertension [4].
Furthermore, the reduced renal neurcnal NOS (nNOS)
activity in rats with salt-sensitive hypertension has been
reported to promote salt sensitivity [5].

Adrenomedullin is a vasodilatory peptide originally
discovered in human pheochromocytoma tissue [6]. Sub-
sequent studies demonstrated that adrenomedullin and its
specific binding sites are widely distributed in the cardio-
vascular system, including the kidney, heart, Iungs and .
blood vessels [6,7]. Adrenomedullin immunoreactivity
exists in glomeruli, cortical distal tubules, and medullary
collecting duct cells [8]. These results suggest that
adrenomedullin may play a role in the regulation of renal
function. Indeed, intrarenal infusion of adrenomedullin
increased the rena! blood flow, glomerular filtration rate,
renal sodium excretion [8]. Adrenomedullin also regulates
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the NO production, Recently, adrenomedullin has been
reported to induce NO production via the Ca®*/calmodulin-
dependent pathway in cultured endothelial cells [9]. These
results suggested that adrenomedullin may participate in the
regulation of NO production through the stimulation of
eNOS and nNOS which are activated by calcium and
calmodulin, and renal sodium excretion in rats with salt-
sensitive hypertension.

We hypothesized that renal adrenomedullin participates
in the regulation of salt sensitivity by modulating renal
eNOS and nNOS, and that chronic adrenomedullin infusion
ameliorates salt-sensitive hypertension and increases the
expression of renal nitric oxide synthase (NOS) in Dahl salt-
sensitive (DS) rats.

Thus, the purposes of this study were 1) to investigate
whether the renal adrenomedullin level correlates with
systemic blood pressure and urinary sodium excretion, 2) to
examine whether adrenemedullin supplementation improves
the salt-sensitive hypertension and affects the altered renal
eNOS and nNOS expression, and 3) to evaluate where nNOS
exists in the kidney in DS rats.

2. Materials and methods
2.1. Experimental animals

We used 6-week-old male DS rats and Dabhl salt-resistant
(DR) rats (Eisai Co. Ltd. Tokyo, Japan) in the present study.
This study was performed in accordance with the guidelines
of the Animal Care Commitiee of the National Cardiovas-
cular Center Research Institute.

2.2, Protocol 1

The total experimental period was 4 weeks. The animals
(DR rats: n=22, DS rats: n=23) were fed a regular sodium diet
(0.5% NaCl) for | week followed by a high sodium diet (8.0%
NaCl) for 3 weeks during our experimental protocol. The rats
were sacrificed and the kidneys were excised for the analyses
at the end of the 2nd-, 3rd-, and 4th-week of the study.

2.2.1. Urinary parameters

Twenty-four-hour urinary samples were collected from
rats in metabolic cages at the end of the 1st-, 2nd-, 3rd-, and
dth-week of the study for the measurement of urinary
volume and sodium excretion level. The urinary sedium
level was measured by an auto-analyzer.

2.2.2. Blood pressure measurements

Systolic blood pressure was measured in comscious,
restrained rats before the day of the urinary collection in
every week by the tail cuff method with automated
sphygmomanometers. Rats were placed in individual
restrainers and pre-warmed at 37 °C, The average of three
readings was recorded.
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2.2.3. Measurements of renal tissue adrenomedulin

The rat adrenomedullin levels in the renal cortex and
medulla were measured at the end of the 4th-week of the
study in DS and DR rats. Radioimmunoassay for rat
adrenomedullin was performed as described previously [10].

2.2.4. Western blot analysis

Western blotting for eNOS and nNOS in the renal cortex
and medulla (DR rats, n=4; DS rats, n=4) was carried out at
the end of the 4th-week of the study [11]. Twenty-microgram
kidney tissue preparations were size-fractionated on 4-12%
Tris-Glycine gel (Bio-Rad) at 200V for 1.5 h. After electro-
phoresis, proteins were transferred onto Immobilon-P mem-
brane (Millipore) at 350 mA for 100 min. The membrane was
prehybridized in 10 mL of TBST (10 mmol/L Tris hydro-
chloride, pH 7.5, 100 mmol/lL NaCl, 0.1% Tween 20)
containing 5% noenfat milk for 2 h and hybridized overnight
in the same buffer containing anti-eNOS or anti-nNOS
monoclonal antibodies (1:750, Transduction Labs). The
membrane was then washed for 30 min with TBST and then
incubated with TBST with 5% nonfat milk and goat anti-
mouse IgG-horseradish peroxidase (1:1000, Amersham)
After the washes, the membrane was developed with a
chemiluminating method using ECL reagent (Amersham
Inc). The membrane was then subjected to autoluminography
for 5-10 min. The autoluminographs were scanned with a
laser densitometer to determine the relative optical densities
of the bands. The membranes were stained with India ink
before prehybridization to confirm an equal amount of
protein loading and transfer efficiency among the samples.

2.3. Protocol 2

The experimental period and the feeding protocol were
identical to those of protocol 1. Before the 2nd-week, DS rats
were randomly divided into 2 groups; the adrenomedullin-
treated group and the untreated group. After pentobarbital
sodium anesthesia (30 mg/kg, IP), the rats were subcuta-
neously implanted with an osmotic minipump (Model 2M1A4,
Alza) filled with recombinant human adrenomedullin dis-
solved in 0.9% saline in the adrenomedullin-treated group
(DS-AM, 400 ng/hr per rat, n=14) and and 0.9% saline in the
untreated group (DS-S, n=14). for evaluating the effects of
adrenomedullin infusion on systolic blood pressure and
urinary sodium excretion under the high sodium diet.

2.3.1. Recombinant human adrenomedullin

Recombinant human adrenomedullin was kindly pro-
vided by Shionogi Pharmaceutical, Osaka, Japan. Adreno-
medullin with a glycine extension residue at the C-terminus
(adrenomedullin-gly) was expressed in Escherichia coli.
The product was digested with a site-specific protease after
denaturation. The resulting adrenomedullin-gly was ami-
dated by a peptidyl-glycine amidating enzyme for con-
version to the mature form of adrenomedullin with an
amidated C-terminus.
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2.3.2. Urinary parameters, blood pressure measurements,
and western blot analysis

Twenty-four-hour urinary samples were collected from
rats in metabolic cages at the end of each week throughount the
study for the measurement of urinary volume and protein
excretion, Urinary sodium excretion was measured at the end
of 4th-week, Systolic blood pressure was measured before the
day of the urine collection. Western blot analysis for eNOS
and nNOS in the renal cortex and medulla was performed at
the end of protocol 2.

2.3.3. Immunohistochemistry

For immunohistochemical analysis, the kidneys were
fixed with Methyl Carnoy. The tissues were embedded in
paraffin, and 3-um-thick sections were cut and mounted on
glass slides treated with silica. An indirect immunoperox-
idase method was used to identify the nNOS antigen (amouse
IgG to neuronal NOS, Transduction Labs ) [12].

2.4. Statistical analysis

All values are presented as meantSD. Comparisons of
3 or more groups were performed by ANOVA with the
Scheffe’s post hoc test. Comparisons between 2 groups
were performed by the unpaired ¢ test. Differences were
considered statistically significant at a level of p<0.05.
Correlation coefficients were calculated using linear
regression analysis.

3. Results
3.1. Protocol 1

Body weight was significantly reduced and left ven-
tricular plus septal weight was significantly increased at the
4th-week in DS rats compared with DR rats (Table I).
Kidney weight was also increased after the 3rd-week in DS
rats compared with DR rats (Table 1). Systolic blood

Table 2

Correlations between renal adrenomedullin (AM) concentrations with
urinary sodium excretion and systelic blood pressure at the 4th-week in
protocol 1

Cortical AM Medullary AM
(fimol/mg) (fmol/mg)
Urinary Na excretion R=-0.68, p<0.01 R=-10.60, p<0.05
(mmol/day)
Systolic Blood Pressure R=0.85, p<0.0001 E=0.86, p<0.0001
(mmHg)

pressure and urinary sodinm excretion were not significantly
different between DS and DR rats at the 2nd-week (Table 1).
While systolic blood pressure significantly increased after
the 3rd-week, urinary sodium excretion decreased only at
the 4th-week in DS rats compared with DR rats (Table 1),

The tissue adrenomedullin concentrations in both the
renal cortex and medulla were significantly increased at
the end of 4th-week in DS rats compared with DR rats
(Table 1). The increased renal adrenomedullin Jevels in the
renal cortex and medulla inversely correlated with urinary
sodium excretion and positively correlated with systolic
blood pressure (Table 2). Western blot analysis revealed
that the eNQOS expression in the renal medulla and the
nNOS expression in both the renal cortex and medulla
were significantly lower in DS rats compared with DR rats
at the end of the 4th-week (Fig. 1). However, renal cortical
eNOS expression was comparable between DS and DR
rats (Fig. 1).

3.2. Protocol 2

The chronic adrenomedullin infusion did not affect body
and kidney weight in DS rats, however, its infusion
significantly reduced the left ventricular and septal weight
in DS rats at the end of the 4th-week (Table 3). The chronic
adrenomedullin infusion significantly reduced systolic
blood pressure and tended to increase urinary sodium
excretion at the 4th-week in DS rats under the high sodium
diet (Tzble 3). Chronic adrenomedullin infusion signifi-

Table 1 .
Number, body weight, heart rate, heart and kidney weights in Dahl rats during fezding on the high sodium diet

' 2nd-week 3rd-week 4th-week

DR DS DR DS DR DS

N 7 3 7 7 8
BW () 28616 29219 30911 297£14 371112 3421 12%*
HR (bpm) 339424 398+37 396136 37310 377422 399125
LV+SEP/BW (mg/E) 2.0610.15 2.1940.07 2221016 2.42+0.07 1.97+0.11 2.5840.13"
Kid/BW {mg/g) 3.6540.26 3.91+0.14 4,0910.13 4.46+0.20* 3.67X0.13 4.641+0.19"
SBP (mmlg) 11648 12616 12449 1665 1258 1697
UNaV (mmol/day) 2.1£1.0 2407 1.9%0.6 1.940.% 2.7£13 1.240.3**
Cortical AM (fimol/mg) 0.5910.10 0.62+0.05 0.56+0.06 0.6110.09 0.55:£0.06 0.7410.06**
Medullary AM (fmol/mg) 0.31+0,06 0.3110.05 0.3410.04 0.31+0.05 0.3430.02 0.4520.04%*

N indicates number of rats; BW, body weight; HR, heart rate; LV+SEP, left ventricular and septal weight; Kid, kidney weight; SBP, systolic blood pressure;

UINaV, urinary sodium excretion, Data are meantSD.

* p<0.0001 vs DR at the same period, * p<0.05 vs DR, ** p<0.01 vs DR.
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Fig. 1. Representative Western blots showing NOS and relative abundance

of NOS in the renal cortex and medulla at the end of the 4th-week in Dahl
rats in protocol 1 (n=4, in cach group). A, B: eNO§; C,D: nNOS.

0

cantly restored eNOS expression in the renal medulla and
nNOS expression in the renal cortex and medulia in DS rats
at the end of the 4th-week (Fig. 2). Furthermore, the levels
of proteinuria were significantly higher in DS rats than DR
rats during all over the high sodium diet and chrenic
adrenomedullin infusion significantly inhibited the increas-
ing of proteinuria levels under the high sodium diet in DS
rats (Table 4). The immunohistochemical analysis revealed

Table 3
Number, body weight, heart rate, heart and kidney weights in Dahl rats
treated with saline or sdrenomedullin at the end of the 4th-week

DR-S DS-S DS-AM

N 19 14 14

BW (2) 37011 348%15% 350+14%
HR (bpm} 347£32 355438 332435
LV+SEP/BW (mg/g)  1.90%0.13  2.54£0.3*  2.3230.14%*
KiUBW (mg/g) 3851028  4.631026°  4.520.27%
SBP (mmHg) 12816 173110%* 1501054*
UNaV (mmol/day) 22407 1.440.5¢ 1.7+0.5

Abbreviations as in Table 1. DR-S indicates DR rats treated with saline;
DS-S, DS rats treated with saline; DS-AM, DS rats treated with
adrenomedullin, Data are meantSD.

* p<0.001 vs DS-S.

b p<1.001 vs DS-S.

* p<0.001 vs DR-8.

** p<0.0001 vs DR-S.
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Fig. 2. The effect of chronic adremomedullin infusion on the NOS
expression in the renal cortex and medulla at the end of the 4th-week in
protocol 2 (n=4, in each group). A: eNOS; B,C: nNOS,

that nNOS was localized in the macula densa and inner
medullary collecting duct cells in all groups (Fig. 3).

4, Discussion

In the present study, we demonstrated for the first time
that 1) the tissue adrenomedullin levels in the renal cortex
and medulla significantly increased in DS rats compared
with DR rats after 3 weeks on a high sodium diet, and were
negatively correlated with wrinary sodium excretion and
positively correlated with systolic blood pressure, 2) the
expression of eNOS in the renal medulla and nNOS in the
renal cortex and medulla significantly reduced in DS rats, 3)
chronic adrenomedullin supplementation significantly
reduced systolic blood pressure, tended to increase urinary
sodium excretion, and reduced urinary protein excretion in
association with the restoration of renal medullary eNOS



