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Evidence has emerged that undernutrition in utero is a risk
factor for cardiovascular disorders in adulthood, along with
genetic and environmental factors. Recently, the local expres-
sion of angiotensinogen and related bioactive substances has
been demonstrated to play a pivotal role in cardiac remodel-
ing, i.e. fibrosis and hypertrophy. The aim of the present study
was to clarify the possible involvement of the local cardiac
angiotensin system in fetal undernutrition-induced cardio-
vascular disorders. We developed a mouse model of undernu-
trition in utero by maternal food restriction, in which off-
spring (UN offspring) showed an increase in systolic blood
pressure (8 wk of age, P < 0.05; and 16 wk, P < 0.01), perivas-

cular fibrosis of the coronary artery (16 wk, P < 0.05) and
cardiac cardiomegaly (16 wk, P < 0.01), and cardiomyocyte
enlargement, concomitant with a significant augmentation of
angiotensinogen (P < 0.05) and endothelin-1 (P < 0.01) mRNA
expression and a tendency to increase in immunostaining for
both angiotensin II and endothelin-1 in the left ventricles (16
wk). These findings suggest that fetal undernutrition acti-
vated the local cardiac angiotensin system-associated bioac-
tive substances, which contributed, at least partly, to the de-
velopment of cardiac remodeling in later life, in concert with
the effects of increase in blood pressure. (Erdocrinology 148:
1218-1225, 2007)

N THE EARLY 1990s, a novel hypothesis was advanced by
Barker et al. (1) to link nutritional insults during embry-
onic and fetal periods not only to impaired maturation of
physiological functions, but also to cardiovascular diseases
in adulthood. Alterations in nutrition and endocrine status
during the embryonic, fetal, and neonatal periods can trigger
developmental predictive adaptive responses (2), causing
permanent structural, physiological, and metabolic changes,
thereby predisposing an individual to cardiovascular, met-
abolic, and endocrine diseases in adult life.
The renin-angiotensin system (RAS) plays an important
role in primary as well as secondary forms of hypertension
in both animals and humans (3). More recently, components
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Abbreviations: ACE, Angiotensin-converting enzyme; Ang, an-
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of the RAS, such as angiotensin-converting enzyme (ACE)
and angiotensin II, were revealed to be produced locally in
the cardiac tissues, and termed the local cardiac RAS (4),
being primary candidates for the factors promoting cardiac
remodeling, mainly cardiac myocyte hypertrophy and in-
creased extracellular matrix fibrosis, thereby deteriorating
cardiac function (5). Various experimental animal models
have been developed to investigate the associations between
fetal undernutrition and cardiovascular disease later in life
(6, 7), and. a possible commitment of a systemic RAS in the
developmental origins of hypertension was reported (8).
Therefore, the aim of the present study was to investigate
whether the local cardiac RAS is associated with the devel-
opmental origins of cardiac remodeling in offspring exposed
to undernutrition in utero.

Recently, we developed a mouse model of undernutrition
in utero using maternal food restriction, in which the off-
spring (UN offspring) developed pronounced obesity when
fed a high-fat diet, accompanied by impaired hypothalamic
leptin sensitivity, as compared with normally nourished off-
spring (NN offspring) (9). Using this model, we investigated
whether fetal undernutrition affects systolic blood pressure
(SBP), cardiac remodeling, and expression of local cardiac
RAS-associated bioactive substances. We found that under-
nutrition in utero caused a significant increase in SBP as well
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as cardiac remodeling, concomitant with a significant ele-
vation in mRNA expression in angiotensinogen (Ang) and
endothelin-1 (ET-1) in the left ventricle.

Materials and Methods
Development of a mouse model of undernutrition in utero

Undernutrition in utero by maternal food restriction was carried out
as described previously (9). In brief, pregnant C57Bl/6 mice were pur-
chased at 8.5 d postcoitum (dpc) from Japan Central Laboratories for
Experimental Animals (Tokyo, Japan) and were divided into two groups
at 10.5 dpc. Dams were housed individually with free access to water
during 14-h light, 10-h dark cycles. The daily food supply of one group
was restricted to 70% of the food consumed by the other group, fed ad
libitum, based on the data of the previous day, from 10.5 dpc to the day
of delivery of the pups. Dams of the food restriction group were supplied
25 g of extra food in the evening of 18.5 dpc, just before the night of
parturition, to prevent mothers from eating their own pups. Pups were
nursed by mothers fed ad libitum (eight pups per mother) and were
weaned on to regular chow diet (RCD; Oriental Yeast Co., Tokyo, Japan)
at21.5d of age. RCD includes 20.8% protein and 4.8% fat, with contents
of sodium (0.19 g/100 g) and potassium (0.75 g/100 g). Only male pups
were used for the following experiments, except for the study of fetal
heart tissues. Each group in all experiments consists of offspring from
at least four litters. All experimental procedures were approved by the
Animal Research Committee, Kyoto University Graduate School of
Medicine (Med Kyo 64116).

Measurement of SBP

At 4, 8, and 16 wk of age, SBP was measured at least five times in
conscious mice (n = 8-10 for each group) using an indirect tail-cuff
method (MK-2000; Muromachi Kikai Co. Ltd., Tokyo, Japan).

Neonatal leptin or monosodium glutamate treatment

Leptin (2.5 ug/g body weight-d) (PeproTech Inc., Rocky Hill, NJ) or
vehicle saline was sc administered to NN offspring daily from 5.5 to
10.5 d of age, as a model of premature leptin surge (9), then SBP was
measured at 8 wk. Monosodium glutamate (2 mg/ g body weight-d) was
sc administered to NN and UN offspring from 1.5 to 5.5 d of age, as
previously described (9), for the purpose of permanent chemical injury
of the arcuate nucleus of the hypothalamus (ARC) (10), then SBP was
measured at 16 wk.

Morphological analysis of the kidney

For morphological analysis, whole kidneys were sampled at 8 and 16
wk, weighed and fixed in 10% formalin, and embedded in paraffin. The
kidneys were cut into sections 2-um thick and stained with hematoxylin
and eosin, periodic-acid Schiff (PAS), or Masson trichrome. The stained
sections were analyzed light microscopically.

Serum nitrite/nitrate (NOx) and plasma angiotensin II
concentration

NOx concentration was determined by the Griess reaction using a
commercial colorimetric assay kit (Cayman Chemical, Ann Arbor, Ml).

The angiotensin II concentration was determined with an ELISA kit
(Peninsula Laboratories, Belmont, CA), after extraction through Ci4
Sep-Pak columns (Waters Co., Milford, MA).

Urine microalbumin concentration

Urine was collected for 24 h using metabolic cages, and microalbu-
minuria was determined by the competitive ELISA method (Albuwell
M assay kit; Exocell, Philadelphia, PA) at 16 wk of age. Urine creatinine
values were assessed simultaneously by enzyme assay (MIZUHO
MEDY Co., Ltd., Saga, Japan) and were used to calculate the albumin to
creatinine ratio.

Endocrinology, March 2007, 148(3):1218-1225 1219

Morphometric analysis of the heart

The whole hearts were sampled, fixed in 10% formalin, and embed-
ded in paraffin at 8 and 16 wk. The heart was cut into two subserial
cross-sections 6-pum thick at intervals of 1 mm and stained -with Sirius
Red to evaluate the perivascular fibrosis of coronary arteries 100-200 pm
in diameter. The perivascular fibrosis was assessed by analyses of digital
images, calculating the ratio of the area of Sirius Red-stained fibrosis to
the total vessel area using a KS400 image system (Zeiss, Oberkochen,
Germany). To evaluate perivascular fibrosis in renal small arteries 100~
200 pwm in diameter, the kidneys were also sampled in the offspring at
16 wk and evaluated in the same manner as the coronary arteries.

To determine the interstitial fibrosis of the heart at 16 wk of age, we
randomly selected 20 fields in two different sections and calculated the
ratio of the areas of Sirius Red-stained interstitial fibrosis to the total
cross-sectional areas.

Cardiomegaly was assessed by whole-heart weight to body weight
ratio at 8 and 16 wk. Cardiomyocyte enlargement was estimated by
measuring shortest transverse diameter in nucleated transverse sections
of the myocytes. In each sample at 16 wk, 8 fields were randomly
selected, and 80 cells were measured.

Quantitative RT-PCR analysis

Total RNA was extracted from whole hearts of fetal mice at 18.5 dpc
and from left ventricles of the mice at 3, 8, and 16 wk, as well as from
kidneys at 16 wk. The mRNA expression was measured by real-time
quantitative RT-PCR using Tagman technology (Model 7000 sequence
detector; Applied Biosystems, Foster City, CA). The forward and reverse
primers and Fam/Tamra or Fam/MGB probes used for the targeted
amplification of part of the cDNAs of murine Ang, angiotensin II type
1 receptor (ATIR), angiotensin II type 2 receptor (AT2R), ACE, renin,
ET-1, atrial natriuretic peptide {ANP), and brain natriuretic peptide
(BNP) are summarized in Table 1. The forward and reverse primers and
Joe/Tamra probes for the murine glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and ribosomal RNA coding region were purchased
from Applied Biosystems. Serial dilutions of total RNA sample, isolated
from mouse left ventricles or kidneys, were used to construct the stan-
dard curve for each substance. The standard curves were calculated by
linear regression analysis, and threshold cycle values were used to read
off relative RNA amounts. An mRNA expression value was then ob-
tained by dividing the value for the gene of interest by the value for the
ribosomal RNA or GAPDH.

At first, we assessed expression of ribosomal RNA and GAPDH
mRNA based on total RNA concentration assessed by optic densitom-
etry. The fetal undernutrition significantly decreased ribosomal RNA
expression, but not GAPDH mRNA expression, in the fetal heart (data
not shown). By contrast, fetal undernutrition significantly decreased
GAPDH mRNA expression, but not ribosomal RNA expression, in the
left ventricle after birth (data not shown). Therefore, we used GAPDH
and ribosomal RNA data for analyses in the fetal heart (18.5 dpc) and
in the left ventricle after birth (3, 8, and 16 wk), respectively, to com-
pensate the variation. Because fetal undernutrition did not change
GAPDH mRNA expression in the adult kidney (data not shown),
GAPDH data were used for analyses in the adult kidney.

Immunohistochemistry of angiotensin II, ET-1, and renin

Six-micrometer-thick sections of the paraffin-embedded whole heart
were incubated for overnight at 4 C with rabbit antiserum against
angiotensin-II (1:500) (T-4007; Peninsula Laboratories), ET-1 (1:500) (T-
4050; Peninsula Laboratories), or goat antiserum against renin (1:1600)
(kindly donated by Professor Tadashi Inagami, Vanderbilt University
School of Medicine, Nashville, TN) (11). Normal goat or rabbit serum
(Dako Co., Carpinteria, CA) was used as negative controls. Staining was
detected using an avidin-biotin-peroxidase method kit (ELITE ABC;
Vector Laboratories, Burlingame, CA) with 3,3'-diaminobenzidine as
previously described (12).

Statistical analysis

Values were expressed as means + sEm. The significance of differ-
ences was assessed with Student'’s ¢ test. P values < 0.05 were regarded
as significant.
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TABLE 1. Forward/reverse primers and FAM/Tamra or FAM/
MGB probes used in the quantitive PCR analysis

Primers (5'-3")

Ang
Forward CAGCACCCTACTTTTCAACACCTA
Reverse TGTTGTCCACCCAGAATTCATG
FAM/MGB probe TCCAAGGAACGATGAGAG

ACE
Forward AATCGGCCTACTGGACCATGT
Reverse GGCCATCTTTAGCAGGTAATTGAT
FAM/MGB probe ACCAATGACATAGAGAGTG

ATI1R
Forward GATCGCTACCTGGCCATTGT
Reverse GTGACTTTGGCCACCAGCAT
FAM/MGB probe CCGATGAAGTCTCGC

AT2R
Forward TGCTGGGATTGCCTTAATGAA
Reverse TCAGGACTTGGTCACGGGTAAT
FAM/MGB probe AGCAACGTGTTACTTTG

Renin

Forward CACTACGGATCAGGGAGAGTCAA
Reverse CAGCTCGGTGACCTCTCCAA
FAM/MGB probe CAGGACTCGGTGACTGT

ET-1
Forward CTTCTGCCACCTGGACATCAT
Reverse TGGTGAGCGCACTGACATCTA
FAM/MGB probe AGCGCGTCGTACCGTA

ANP
Forward GCCATATTGGAGCAAATCCT
Reverse GCAGGTTCTTGAAATCCATCA
FAM/Tamra probe TGTACAGTGCGGTGTCCAACACAGAT

BNP
Forward CCAGTCTCCAGAGCAATTCAA
Reverse GCCATTTCCTCCGACTTTT
FAM/Tamra probe TGCAGAAGCTGCTGGAGCTGATAAGA

Ang, GenBank accession no. BC019496; Strausberg et al., 2002.
ACE, BC083109; Strausberg et al., 2002. AT1R, BC036175; Straus-
berg et al., 2002. AT2R, AK086334; Carninci et al., 1999. Renin,
NM_031192; Wilson et al., 1977. ET-1, BC029547; Strausberg et al.,
2002. ANP, D70837; Tamura ef al., 1996. BNP, D82049; Ogawa et al.,
1994.

Results
SBP at 4, 8, and 16 wk

There was no significant difference in SBP between UN
and NN offspring at 4 wk. However, the SBP of UN offspring
was significantly higher than that of NN offspring at 8 wk
(P < 0.05), and the elevation of SBP in UN offspring con-
tinued at least until 16 wk (P < 0.01) (Fig. 1A).

SBP after neonatal leptin or monosodium
glutamate treatment

There was no significant difference in SBP between NN
offspring with neonatal leptin treatment (90.5 = 1.4 mm Hg,
n = 10) and those with neonatal vehicle treatment (86.3 = 1.6
mm Hg, n = 10) at 8 wk. The significant elevation of SBP in
UN offspring, as compared with NN offspring, at 16 wk was
not blocked by chemical injury of the ARC by neonatal
monosodium glutamate treatment (108.1 = 5.2 mm Hg, n =
9 vs. 88.8 = 5.0 mm Hg, n = 8; P < 0.05).

Serum NOx concentration and plasma angiotensin 11
concentration

The serum NOx concentration of UN offspring was sig-
nificantly lower than that of NN offspring at 8 wk (P < 0.05)

Kawamura et al. ® Developmental Origins of Cardiac Remodeling
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Fic. 1. SBP (A), PAS (Ba), and Masson trichrome (Bb) staining of
kidney in NN offspring and UN offspring. Columns and error bars
represent the mean and SEM of SBP. ¥, P < 0.05; **, P < 0.01 vs. NN
offspring. Original magnification was X400 (Ba) or X200 (Bb). wks,
Weeks of age.

(Table 2). Such a tendency was also observed at 16 wk, but
the difference was not statistically significant (Table 2).

The plasma angiotensin II concentration of UN offspring
was similar to that of NN offspring at 8 wk (Table 2). At 16 -
wk, the plasma angiotensin II concentration of UN offspring
was higher than that of NN offspring, but the difference was
not significant (Table 2).

Urine microalbuminuria

There was no significant difference in urine microalbumin
concentration between UN and NN offspring at 16 wk
{25.03 = 2.06 ug/mg creatinine, n = 7 v5. 22.52 = 1.65 ug/mg
creatinine, n = 8§).

Morphological analysis of the kidney

At 16 wk of age, the ratio of renal weight to body weight
{mg/g) in UN offspring (5.58 + 0.32, n = 20) was similar to
that of in NN offspring (5.69 + 0.27, n = 20).

Microscopic observation of hematoxylin and eosin {data
not shown), PAS (Fig. 1Ba), and Masson trichrome (Fig. 1Bb)
staining of kidneys from UN offspring at 8 and 16 wk showed
no histological abnormalities as compared with NN off-
spring including nephron numbers.
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TABLE 2. Serum NOx concentrations and plasma angiotensin II concentrations

8 wk

16 wk

NN

NN UN

NOx (M)
Angiotensin 1I (pg/ml)

291+31(n=9)
433 £3.5(n=14)

19.0 = 2.5% (n = 10)
43.4+49(n=11

19.0 = 2.8 (n = 10) 142 £ 2.2 (n = 10)
1189 = 14.0(n = 8) 179.1 £ 38.7(n = 8)

Values are the mean + SEM.
2P < 0.05vs. NN.

Perivascular fibrosis of the coronary artery and renal
small artery

At 8 wk of age, the ratio of coronary perivascular fibrosis
to total vessel area in UN offspring had tended to increase as
compared with that in NN offspring; however, the difference
was not significant (Fig. 2B). At 16 wk of age, the ratio of
coronary perivascular fibrosis to total vessel area was sig-

nificantly higher in the UN offspring than NN offspring (P < -

0.05) (Fig. 2, A and B). By contrast, the ratio of perivascular
fibrosis to total vessel area in renal small arteries of UN
offspring was similar to that in NN offspring at 16 wk of age
(Fig. 2C).

Interstitial fibrosis of the heart

Interstitial fibrosis of the heart in UN offspring at 16 wk
was similar to that in NN offspring (Table 3A).
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NN T g e UN 10gm
—~ £
B %g‘:‘ 30
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= § 20}
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FIG. 2. Perivascular fibrosis in coronary and renal small arteries of
NN and UN offspring. Representative cross-sections of coronary
perivascular fibrosis at 16 wk of age (A). Collagen fibril was stained
red with Sirius Red stain. Original magnification was X400. Digital
image analysis of perivascular fibrosis of coronary (B) and renal small
arteries (C) as described in Materials and Methods. Columns and
error bars represent the mean and SEM of the ratio of the area of Sirius
Red-stained fibrosis to total vessel area (%). *, P < 0.05 vs. NN
offspring. wks, Weeks of age.

Cardiomegaly and cardiomyocyte enlargement

The ratio of heart weight to body weight and transverse
diameter of the cardiomyocytes were significantly higher in
the UN offspring than NN offspring at 16 wk (P < 0.01)
(Table 3B), in parallel with the increased perivascular fibrosis
of coronary artery (Fig. 2B). However, cardiomegaly was not
detected in UN offspring at 8 wk (Table 3B).

The mRNA expression of local cardiac RAS-associated
bioactive substances in the left ventricles at 3, 8, and 16 wk

There were no significant changes in Ang, ACE, ATIR,
AT2R, ET-1, ANP, or BNP mRNA expression between NN
and UN offspring at 3 wk (Figs. 3 and 4).

At 8 wk, a significant decrease was observed in Ang
mRNA expression in UN offspring (P < 0.01) (Fig. 3). By
contrast, a significant increase was detected in AT2R (P <
0.01), ET-1 (P < 0.01), and BNP (P < 0.01) (Figs. 3 and 4) at
8 wk; whereas ANP mRNA expression had a tendency to
increase, but not significantly (Fig. 4).

At 16 wk, a significant increase was observed in the mRNA
expression of Ang (P < 0.05), AT2R (P < 0.05),and ET-1 (P <
0.01), but not in that of other substances (Figs. 3 and 4).

The renin mRNA expression in the left ventricles at 3, §,
and 16 wk was less than detection sensitivity of quantitative
RT-PCR analysis (<0.00024-fold, compared with the whole
kidney as a positive control).

Immunohistochemistry of angiotensin II, ET-1, and renin in
the left ventricle

Immunostaining of both angiotensin II and ET-1 were
mainly observed in cardiomyocytes of the left ventricle at 16
wk (Fig. 5, A and B). There occurred a tendency to increase
in immunostaining for angiotensin II as well as ET-1 in UN
offspring, as compared with NN offspring (Fig. 5, A and B).

Immunohistochemistry detected a few renin positive cells
{one to two cells per slide) in the perivascular interstitial area
{(Fig. 5C). There was no apparent difference in the renin
staining between NN and UN offspring at 16 wk (Fig. 5C).

The mRNA expression of local cardiac RAS-associated
bioactive substances in the whole fetal heart at 18.5 dpc

A significant increase was observed in the mRNA expres-
sion of Ang (P < 0.05), ACE (P < 0.01), and ET-1 (P < 0.05)
in the whole fetal heart at 18.5 dpc, but not in that of other
substances (Table 4).

Discussion

In the present study, maternal food restriction caused a
significant increase in SBP. However, neither the plasma
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TABLE 3. Interstitial fibrosis of the heart (A) and cardiomegaly and cardiomyocyte enlargement (B)

8 wk 16 wk
NN UN NN UN
A. Interstitial fibrosis of the heart (%)* 0.782 +0.041(n=15) 0.751 = 0.065(n="T)
B. Cardiomegaly and cardiomyocyte i
enlargement

HW (mg) 127.1 =38 120.0 = 3.0 158.9 = 5.6 177.3 + 6.2°

BW (g) 23.9 0.2 23.2 + 0.3 314 05 30.6 = 0.5

HW/BW (mg/g) 531+013(n=24) 520x014(n=19) 5.05=*0.12(n=14) 5.79 * 0.18 (n = 16)

Cardiomyocyte diameter (um)

14.3 £ 0.3 (n = 10) 16.6 = 0.3 (n = 10)

Values are the mean * sem. HW, Heart weight; BW, body weight.

% No significant difference.
b P < 0.05 vs. NN.
¢P < 0.01 vs. NN.

angiotensin II concentration (Table 2} nor the microalbumin
concentration in UN offspring produced significant changes,
although basal plasma angiotensin II concentration at 16 wk
was higher than other reports (13). A significant decrease in
the plasma NOx concentration of UN offspring was observed
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F1G. 3. The mRNA expression of Ang (A), ACE (B), AT1R (C), and
AT2R (D) in the murine left ventricle at 3, 8, and 16 wk. Columns and
error bars represent the mean and SEM of the mRNA expression in NN
and UN offspring, measured by quantitative RT-PCR with real time
TaqMan technology as described in Materials and Methods. *, P <
0.01; ** P < 0.05 vs. NN offspring. wks, Weeks of age.

at 8 wk, as compared with that of NN offspring (Table 2). The
decrease in the plasma NOx concentration of UN offspring
was also observed at 16 wk, although it was not significant
(Table 2). These observations suggested a possible involve-
ment of endothelial dysfunction in the elevation of blood
pressure in UN offspring, which is relevant to previous re-
ports (14, 15). Histological examinations detected no abnor-
mal findings in the renal tissues of UN offspring at 8 and 16
wk, although some investigators have demonstrated a pos-
sible involvement of small nephron numbers and/or a small
number and size of glomeruli in increases in blood pressure
during adulthood (16, 17).
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F1G. 4. The mRNA expression of ET-1 (A), ANP (B), and BNP (C) in
the murine left ventricle at 3, 8, and 16 wk. Columns and error bars
represent the mean and SEM of the mRNA expression in NN and UN
offspring measured by quantitative RT-PCR with real time TaqgMan
technology as described in Materials and Methods. ¥#, P <0.01vs. NN
offspring. wks, Weeks of age.
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Negative control

Fi16. 5. Immunochistochemistry for angiotensin II
(A), ET-1 (B), and renin (C) in the left ventricles
of NN offspring (left panels) and UN offspring
(middle panels) at 16 wk. Negative controls of NN
offspring using normal rabbit serum (for angio-
tensin II and ET-1) or goat serum for renin are
shown in right panels. Original magnification was
X400.

Using the same animal model, we recently reported pro-
nounced obesity in UN offspring on a high-fat diet compared
with NN offspring (9). We found premature onset of the
neonatal leptin surge, i.e. a transient increase in serum leptin
levels during the neonatal period, in UN offspring. We also
demonstrated that the premature leptin surge programs hy-
pothalamic low sensitivity to circulating leptin, a potent anti-
obesity hormone, causatively contributing to pronounced
obesity on a high-fat diet in adulthood, by showing that an
artificial premature leptin surge model produced hypotha-
lamic low sensitivity to circulating leptin and pronounced
obesity on a high-fat diet (9). However, in the present study,
an artificial premature leptin surge did not increase SBP in
NN offspring. Moreover, artificial premature leptin surge
did not augment cardiac remodeling (Kawamura, M., and H.
Itoh, unpublished observations). We also revealed that chem-
ical injury of the ARC by neonatal monosodium glutamate
treatment during the neonatal period cancelled the acceler-
ation of obesity on the high-fat diet in UN offspring (9).

TABLE 4. The mRNA expression of Ang, AT1R, AT2R, ACE, ET-
1, ANP, and BNP in the murine fetal whole heart at 18.5 dpc

NN (n = 10) UN (o = 10)
Ang/GAPDH 0.38 = 0.05 074+ 0.17°
AT1R/GAPDH 0.25 = 0.02 0.31 = 0.03
AT2R/GAPDH 4.88 = 0.55 653 = 1.11
ACE/GAPDH 0.10 * 0.01 0.18 + 0.03°
ET-VGAPDH 2.13 = 0.22 3.22 = 0.44°
ANP/GAPDH 17.32 + 1.93 22.58 = 2.63
BNP/GAPDH 0.811 x 0.07 0.70 = 0.04

Values are the mean * SEM (arbitrary units).
@ P < 0.05; % P < 0.01 vs. NN offspring.
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However, a significant increase in SBP was not blocked by
monosodium glutamate treatment in the present study. The
mechanisms leading to increased blood pressure in adult UN
offspring with undernutrition in utero are currently not en-
tirely clear.

There were no significant changes in the mRNA expres-
sion of cardiac RAS-associated bioactive substances at 3 wk
(Figs. 3 and 4). On the other hand, at 8 wk, the mRNA
expression of ET-1, a factor promoting cardiac remodeling
(18, 19), was significantly elevated in the left ventricles of UN
offspring (Fig. 4A). However, several anticardiac remodeling
phenomena were observed at the same time in the left ven-
tricles as follows. The Ang mRNA expression was signifi-
cantly decreased (Fig. 3A), concomitantly with the significant
increase of AT2R (Fig. 3D), which suppresses cardiac re-
modeling (20). ANP and BNP are secreted from the heart and
antagonize RAS through a decrease in blood pressure, di-
uresis, anticardiac hypertrophy, and anticardiac fibrosis, etc.
(21, 22). The significant elevation of BNP mRNA expression
in the left ventricles of UN offspring at 8 wk, in parallel with
a tendency for an increase in ANP mRNA expression, sug-
gested protective effects on cardiac tissues against the ac-
celeration of cardiac remodeling. Therefore, changes that
both promote and suppress cardiac remodeling are simul-
taneously observed in the left ventricles of UN offspring at
8 wk. These findings lead us to speculate that a kind of
compensatory mechanism might be operating, thereby pro-
tecting the heart from ominous cardiac transformation at 8
wk, which was relevant to the finding that neither cardiac
hypertrophy (Table 3B) nor augmentation of perivascular
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fibrosis (Fig. 2) was observed with a significant increase in
SBP (Fig. 1).

At 16 wk, a significant augmentation of cardiac remodel-
ing, i.e. cardiac hypertrophy (Table 3B) and perivascular
fibrosis (Fig. 2), was observed in UN offspring. It is a further
aim of the study to assess the movement and/or thickness of
the ventricular wall by ultrasound examination.

In the present study, we first demonstrated that under-
nutrition in utero significantly increased the mRNA expres-
sion of both Ang (Fig. 3A) and ET-1 (Fig. 4A) in the left
ventricles of UN offspring at 16 wk, concomitantly with the
augmentation of cardiac hypertrophy and perivascular fi-
brosis. Angiotensin Il is derived from Ang and plays a central
role in the local cardiac RAS in the augmentation of cardiac
remodeling (4, 5). ET-1 has been found to induce hypertro-
phy of cardiomyocytes (18), as well as cardiac fibrosis (19).
ET-1 has a close association with the local cardiac RAS in the
process of cardiac remodeling (23, 24). In the present study,
the significant elevation of both Ang and ET-1 mRNA levels
in the left ventricle of UN offspring was observed at 16 wk.
The immunostaining of both angiotensin If and ET-1 showed
a tendency to increase in UN offspring compared with NN
offspring at 16 wk. These findings suggested a possible de-
compensation of cardiac homeostasis in response to various
portentous factors, as a result of fetal undernutrition, includ-
ing an increase in blood pressure. A significant elevation in
the AT2R mRNA expression, which suppresses cardiac re-
modeling by antagonizing the effects of signaling through
the AT1R (20), was observed in UN offspring at 8 and 16 wk,
but the increase relative to NN offspring was much lower at
16 wk than at 8 wk (Fig. 3D). Long-term observations are
necessary to prove that 16 wk is the beginning of decom-
pensation of cardiac homeostasis in this animal model. Nev-
ertheless, these findings suggested a possible involvement of
local cardiac RAS activation in the developmental origins of
cardiac remodeling.

Rather stable expression was observed in ACE and AT1R
after birth in UN offspring. Ang mRNA expression de-
creased at 8 wk and increased at 16 wk. More detailed mo-
lecular investigation is necessary to clarify the regulatory
mechanism of each substance.

A few renin positive cells were detected in the left ventricle
at 16 wk (Fig. 5C), although mRNA expression was below
detection sensitivity of quantitative RT-PCR. This discrep-
ancy was relevant to the recent observation that cardiac renin
was predominantly derived from circulation (25). There was
no apparent difference in cardiac renin immunostaining be-
tween NN and UN offspring at 16 wk. It is an interesting
study to investigate whether cardiac renin uptake is involved
in developmental origins of cardiac remodeling.

A significant augmentation of mRNA expression of Ang,
ACE, and ET-1 was observed in the whole fetal heart at 18.5
dpc (Table 4). A possible association of these changes with
local cardiac RAS activation in adulthood is a future aim of
the study.

[n summary, using a mouse model of fetal undernutrition,
we here demonstrated the possible involvement of the local
cardiac RAS in the developmental origins of cardiac disor-
ders, represented by cardiac remodeling, by a longitudinal
assessment of the expression of local cardiac RAS-associated
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bioactive substances from the fetal to adult periods. This
study also highlighted the local cardiac RAS as a promising
target for prophylactic intervention in the developmental
origins of cardiovascular disease.
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Monocyte chemoattractant protein-1 (MCP-1), an important
chemokine whose expression is increased during the course of
obesity, plays a role in macrophage infiltration into obese adi-
pose tissue. This study was designed to elucidate the role of
mitogen-activated protein kinase (MAPK) phosphatase-1
(MKP-1) in the induction of MCP-1 during the course of adipo-
cyte hypertrophy. We examined the time course of MKP-1 and
MCP-1 mRNA expression and extracellular signal-regulated
kinase (ERK) phosphorylation in the adipose tissue from mice
rendered mildly obese by a short term high fat diet. We also
studied the role of MKP-1 in the induction of MCP-1in 3T3-L1
adipocytes during the course of adipocyte hypertrophy. MCP-1
mRNA expression was increased, followed by ERK activation
and down-regulation of MKP-1, an inducible dual specificity
phosphatase to inactivate ERK, in the adipose tissue at the early
stage of obesity induced by a short term high fat diet, when mac-
rophages are not infiltrated. Down-regulation of MKP-1 pre-
ceded ERK activation and increased production of MCP-1 in
3T3-L1adipocytes in vitro during the course of adipocyte hyper-
trophy. Adenovirus-mediated restoration of MKP-1 in hyper-
trophied 3T3-L1 adipocytes reduced the otherwise increased
ERK phosphorylation, thereby leading to the significant
reduction of MCP-1 mRNA expression. This study provides
evidence that the down-regulation of MKP-1 is critical for
increased production of MCP-1 during the course of adipo-
cyte hypertrophy.
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Evidence hasaccumulated suggesting that obesity is a state of
chronic, low grade inflammation; it may represent a potential
mechanism whereby obesity leads to the metabolic derange-
ments (1-3). Previous studies demonstrated that the adipose
tissue is markedly infiltrated by macrophages in several models
of rodent obesities and human obese subjects (4, 5). Using an in
vitro co-culture system composeéd of adipocytes and macro-
phages, we have provided evidence that a paracrine loop involv-
ing saturated free fatty acids (FFAs) and tumor necrosis fac-
tor-a (TNFa) derived from adipocytes and macrophages,
respectively, establishes a vicious cycle that aggravates the
inflammatory changes; i.e. marked up-regulation of pro-in-
flammatory cytokines such as monocyte chemoattractant pro-
tein-1 (MCP-1)® and TNFa and down-regulation of anti-in-
flammatory adiponectin (6, 7). These findings have led us to
speculate that macrophages, when infiltrated, may participate
in the inflammatory pathways that are activated in obese adi-
pose tissue.

A previous study with bone marrow transplantation dem-
onstrated that most macrophages in the adipose tissue are
derived from the bone marrow (4). In this regard, adipose
tissue expression of MCP-1, a major chemokine implicated
in the control of monocyte recruitment to the site of inflam-
mation, is increased during the progression of obesity (8, 9)
and is roughly correlated with macrophage markers in the
adipose tissue (5, 10). These findings suggest that increased
production of MCP-1 may be an initial event at the early
stage of obesity so as to accumulate macrophages in the adi-
pose tissue. Recently, Kanda et al. and Kamei et al. (11, 12)
have independently reported that MCP-1 plays a role in the
recruitment of macrophages into obese adipose tissue. It is,
therefore, important to know the molecular mechanism for
increased production of MCP-1 at the early stage of obesity.
Recent studies have demonstrated that multiple intracellular
signaling pathways are activated in adipocytes during the

3 The abbreviations used are: MCP-1, monocyte chemoattractant protein-1;
MAPK, mitogen-activated protein kinase; MKP-1, mitogen-activated pro-
tein kinase phosphatase-1; ERK, extracellular signal-regulated kinase; JNK,
c-Jun NH,-terminal kinase; MEK, MAPK/ERK kinase; CAR, coxsackie-adeno-
virus receptor; WAT, white adipose tissue; GFP, green fluorescent protein;
ER, endoplasmic reticulum; ROS, reactive oxygen species; SD, standard
diet; HFD, high fat diet; IL, interleukin.
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course of adipocyte hypertrophy in vitro and in obese adi-
pose tissue in vivo. However, how the inflammatory path-
ways are activated in adipocytes at the early stage of obesity
is still poorly understood.

Mitogen-activated protein kinases (MAPKSs) including extra-
cellular signal-regulated kinase (ERK), p38 MAPK, and c-jun
NH,-terminal kinase (JNK) are activated in a variety of cellular
processes (13). Once activated by the upstream kinases, e.g.
MAPK/ERK kinase (MEK), MAPKs are rapidly inactivated by a
family of protein phosphatases such as MAPK phosphatase-1
(MKP-1), an inducible dual specificity phosphatase (14, 15).
Sakaue et al. showed previously that MKP-1 plays an essential
role in 3T3-L1 adipocyte differentiation through ERK down-
regulation (16). On the other hand, Bost et al. (17) reported that
mice lacking ERK1 (ERK1 ™/~ mice) are protected from high fat
diet-induced obesity and insulin resistance. These findings,
taken together, suggest that the MAPK pathways play an
important role in the adipocyte proliferation and differentia-
tion in vitro and in vivo (18).

Here we show that MCP-1 mRNA expression is increased,
which is followed by ERK activation and MKP-1 down-regula-
tion in the adipose tissue from mice rendered mildly obese by a
short term high fat diet, when macrophages are not infiltrated.
We also demonstrate that ERK activation through MKP-1
down-regulation is involved in increased production of MCP-1
in 3T3-L1 adipocytes during the course of adipocyte hypertro-
phy. This study provides evidence that MKP-1 down-regula-
tion is critical for the inflammatory changes in hypertrophied
adipocytes at the early stage of obesity, thereby suggesting that
MKP-1 activation may offer a novel therapeutic strategy totreat
or reduce the inflammatory changes in adipocytes during the
progression of obesity.

EXPERIMENTAL PROCEDURES

Materials—Rabbit polyclonal antibodies against ERK, phos-
pho-ERK, p38 MAPK, phospho-p38 MAPK, MEK1/2, phos-
pho-MEK1/2, MEK inhibitors PD98059 and U0126, and a
p38MAPK inhibitor SB203580 were purchased from Cell Sig-
naling (Beverly, MA). Rabbit polyclonal antibodies against JNK,
phospho-JNK, and MKP-1 and a mouse monoclonal antibody
against Lamin A/C were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). All other reagents were purchased
from Sigma or Nacalai Tesque (Kyoto, Japan).

Animal Studies—Four-week-old male C57BL/6] mice
were purchased from Charles River Laboratories Japan
(Tokyo, Japan). The animals were housed in a temperature-,
humidity-, and light- controlled room (12-h light and 12-h
dark cycle) and allowed free access to water and chow. Five-
week-old mice were fed either the standard chow (Oriental
MF, 362 kcal/100 g, 5.4% energy as fat; Oriental Yeast,
Tokyo, Japan) or high fat diet (D12492, 524 kcal/100 g, 60%
energy as fat; Research Diets, New Brunswick, NJ) for 15
weeks. They were fasted for 1 h (12:00 -13:00) and sacrificed
to harvest the epididymal adipose tissue before (n = 10) and
2 weeks (n = 10), 4 weeks (n = 12), 6 weeks (n = 11), 8 weeks
(n = 6), and 15 weeks (n = 4) after the experiments. All
animal experiments were conducted according to the guide-
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lines of Tokyo Medical and Dental University Committee on
Animal Research (No. 0060026).

Histological Analysis—The epididymal WAT was fixed with
neutral-buffered formalin and embedded in paraffin. Sections
were stained with hematoxylin and eosin and studied under
X200 magnification to measure the adipocyte area using Win
Roof software (Mitani Corporation, Tokyo, Japan) (19). Immu-
nohistochemical study was carried out using 5-pm thick paraf-
fin-embedded sections for macrophage marker F4/80 as previ-
ously described (20, 21).

Cell Culture—3T3-L1 preadipocytes (American Type Cul-
ture Collection, Manassas, VA) were maintained as described
(6, 7). Differentiation of 3T3-L1 preadipocytes to adipocytes
was described elsewhere (6, 7). Cells at day 8 and day 21 after
the induction of differentiation were used as non-hypertro-
phied and hypertrophied adipocytes, respectively (6). Accu-
mulation of triglyceride in adipocytes was detected by oil red
O staining (19).

Measurement of Triglyceride Content—Triglyceride content
in3T3-L1 adipocytes was measured as previously reported (22).
In brief, 3T3-L1 adipocytes in 35-mm dish were harvested, and
cellular lipid was extracted by chloroform-methanol (2:1). After
evaporation, precipitation was dissolved in isopropyl alcohol.
Triglyceride content was measured using a colorimetric assay
kit (triglyceride E-test Wako, Wako Pure Chemicals, Osaka,
Japan) according to the manufacturer’s instructions.

Quantitative Real-time PCR—Quantitative real-time PCR
was performed with an ABI Prism 7000 Sequence Detection
System using PCR Master Mix reagent kit (Applied Biosystems,
Foster City, CA) as described (6, 19). Primers used were
described in supplemental Table S1. Levels of mRNAs were
normalized to those of housekeeping gene 36B4 mRNA.

ELISA—The MCP-1, IL-6, and adiponectin levels in culture
supernatants were determined by the commercially available
ELISA kits (MCP-1 and IL-6, R&D systems, Minneapolis, MN;
adiponectin, Otsuka Pharmaceutical, Tokyo, Japan).

Immunoblot Assay—Nuclear and cytosolic extracts were
prepared by using the Nuclear/Cytosol fractionation kit (Bio-
Vision, Mountain View, CA). Separation of nuclear and cytoso-
lic proteins was confirmed by immunoblots with a-tubulin and
lamin A/C antibodies, respectively. Whole cell lysates were pre-
pared using buffer containing 50 mmol/liter HEPES (pH7.5),
150 mmol/liter NaCl, 100 mmol/liter sodium fluoride, 1 mmol/
liter EGTA, 1 mmol/liter EDTA, 1% Triton X-100,2 mmol/liter
sodium vanadate, 2 mmol/liter phenylmethylsulfonyl fluoride,
and protease inhibitor mixture (Sigma). Immunoblot assay was
performed as described (6). Samples (1020 pg protein/lane)
were separated by 12.5% SDS-PAGE and electrophoretically
transferred onto polyvinylidene difluoride filter membrane
(PolyScreen; PerkinElmer, Wellesley, MA). After membranes
were incubated with primary antibodies for 1 h at room tem-
perature, immunoblots were developed with horseradish per-
oxidase-conjugated secondary antibodies (GE Healthcare Bio-
Sciences, Piscataway, NJ) and a chemiluminescence kit (GE
Healthcare Bio-Sciences). The signals were detected with
LAS3000 (Fuji Photo Film, Tokyo, Japan).
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Generation of 3T3-L1 Adipocytes Stably Expressing Cox-
sackie-Adenovirus Receptor (CAR)—A mouse CAR-expressing
plasmid pcDNA3-CAR (23) was kindly provided by Dr.
Hiroyuki Mizuguchi (National Institute of Biomedical Innova-
tion, Osaka, Japan). The CAR retroviral expression vector
(pMRX-CAR) was constructed by ligating the full-length CAR
¢DNA into the EcoR1 site of pMRX vector (24) and transfected
into Plat-E packaging cells (25) using Lipofectamine2000
(Invitrogen) according to the manufacturer’s instructions. Viral
supernatants were harvested from 24 to 48 h after transfection
and applied to 3T3-L1 adipocytes in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and 5 pg/ml
of polybrene (Nacalai Tesque) in a final volume of 5 ml. The
stable CAR-expressing 3T3-L1 adipocytes (CAR-3T3-L1 adi-
pocytes) were obtained by 2 ug/ml of puromycin (Nacalai
Tesque) selection.

Adenovirus-mediated Expression of MKP-1—The adenoviral
vector expressing mouse MKP-1 (Ad-MKP-1) (26), kindly pro-
vided by Dr. Jeffery D. Molkentin (University of Cincinnati,
Cincinnati, OH), was prepared using HEK293 cells and purified
by VIRAPREP adenovirus purification kit (Virapur, LLC, San
Diego, CA) as previously described (27). The GFP adenovirus
(Ad-GFP; Clontech Laboratories, Palo Alto, CA) was used as a
control. The CAR-3T3-L1 adipocytes at day 5 and day 18 after
the induction of differentiation were transfected with
Ad-MKP-1, incubated for 3 days, and harvested to be used for
quantitative real-time PCR and immunoblot assay.

Statistical Analysis—Data are shown as means * S.E. Statis-
tical analysis was performed using the Student’s £ test and anal-
ysis of variance followed by Scheffe’s test. p < 0.05 was consid-
ered statistically significant.

RESULTS

MCP-1 mRNA Expression in the Adipose Tissue from Mice
with Diet-induced Obesity—Body weight was increased signif-
icantly in mice fed high fat diet for 2 weeks relative to those fed
standard diet (p < 0.01) (Fig. LA). The mice fed high fat diet
weighed ~20% more than those fed standard diet for 15 weeks
(29.7 * 0.3 g versus 348 = 1.9 g, p < 0.05). The weight of
epididymal white adipose tissue (WAT) was significantly
increased in mice fed high-fat diet for 2 weeks relative to those
fed standard diet (0.26 = 0.01 g versus 0.49 * 0.04 g, p < 0.01).
Histological examination revealed appreciable increase in adi-
pocyte cell size in mice fed a high fat diet during the initial 2
weeks, which reached up to ~4-fold larger than that in mice fed
standard diet after 15 weeks (Fig. 1LB). There were no apprecia-
ble infiltration of macrophages in the adipose tissue up to 8
weeks after the experiment, after which interstitial cells stained
with F4/80, a marker of activated macrophages, appeared in
mice fed high fat diet (Fig. 1C). Correspondingly, F4/80 mRNA
expression was also increased in the epididymal WAT in mice
fed high fat diet for 15 weeks relative to those fed standard diet
(Fig. 1D, left). In mice fed high fat diet, MCP-1 mRNA expres-
sion was increased as early as 4 weeks and gradually increased
up to 15 weeks after the experiment (Fig. 1D, right). These
observations indicate that MCP-1 mRNA expression is
increased prior to macrophage infiltration at the early stage of
obesity.
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FIGURE 1. Time course of adipocyte hypertrophy and macrophage infil-
tration in mice with diet-induced obesity. Five-week-old male C578L/6)
mice were fed either SD or HFD for 15 weeks. A, time course of body weight.
Open circle, SD; closed circle, HFD. B, time course of adipocyte area. C, macro-
phage marker F4/80 immunostaining of the epididymal WAT in diet-induced
obese mice. Original magnification, X200. Scale bars, 100 um. D, time courses
of F4/80 and MCP-1 mRNA expression. Data in B and D are expressed as the
ratio of changes in mice fed HFD to those in mice fed SD. *, p < 0.05; **, p <
0.01 versus SD, n = 4-12 at each time point.

Dysregulation of Adipocytokine Production during the Course
of Adipocyte Hypertrophy—To explore the molecular mecha-
nisms underlying adipocyte hypertrophy, we cultured 3T3-L1
adipocytes up to 21 days after the induction of differentiation;
they exhibited a gradual increase in lipid accumulation from
day 8 to day 21 during the course of adipocyte hypertrophy as
revealed by oil-red O staining (Fig. 24) and triglyceride content
(Fig. 2B). In this study, insulin-induced glucose uptake was pre-
served up to day 21 (supplemental Fig. 51).

Quantitative real-time PCR analysis revealed that MCP-1
mRNA expression was significantly increased up to day 21,
~6-fold higher than that in 3T3-L1 adipocytes (day 8) (p <
0.01), in parallel with increased cell size and lipid accumulation
(Fig. 2C). Expression of IL-6 mRNA was also increased during
the course of adipocyte hypertrophy. The IL-6 mRNA levels in
3T3-L1 adipocytes (day 21) were ~5-fold higher than those in
3T3-L1 adipocytes (day 8) (p < 0.01). By contrast, adiponectin
mRNA expression showed significant reduction (up to 30%)
during the course of adipocyte hypertrophy (p < 0.01). The
MCP-1, IL-6, and adiponectin concentrations in the culture
media were roughly parallel to their respective mRNA levels
(Fig. 2D). The expression patterns of adipocytokines in hyper-
trophied 3T3-L1 adipocytes (day 21) were similar to those
found in obese adipose tissue. We also confirmed that mRNA
expression patterns of adipogenesis-related markers such as
peroxisome proliferator-activated receptor y2 (PPARYy2), adi-
pocyte fatty acid-binding protein (aP2), fatty-acid transport
protein 1 (FATP1), and CCAAT /enhancer-binding protein «
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FIGURE 2. Changes in adipocytokine expression during the course of adi-
pocyte hypertrophy in vitro. A, morphological changes of 3T3-L1 adipo-
cytes during the course of adipocyte hypertrophy (day 8-day 21) as revealed
by oil-red O staining. Original magnification, X200. Scale bars, 100 um.
B, triglyceride accumulation in 3T3-L1 adipocytes during the course of adipo-
cyte hypertrophy. C and D, changes in adipocytokine mRNA expression (C)
and secretion (D} in 3T3-L1 adipocytes during the course of adipocyte hyper-
trophy. **, p < 0.01 versus day 8.n = 4.

(C/EBPa) in hypertrophied 3T3-L1 adipocytes were consistent
with those in obese adipose tissue (supplemental Fig. $2). Inthis
study, we used 3T3-L1 adipocytes cultured for 8 and 21 days
after differentiation as non-hypertrophied (day 8) and hyper-
trophied (day 21) adipocytes, respectively.

Activation of MAPK Pathways during the Course of Adipocyte
Hypertrophy—To explore the role of MAPK activation in the
dysregulation of MCP-1 production during the course of adi-
pocyte hypertrophy, we examined phosphorylation of ERK, p38
MAPK, and JNK in 3T3-L1 adipocytes during the course of
adipocyte hypertrophy. Immunoblot analysis revealed that
phosphorylation of ERK and p38 MAPK is increased in hyper-
trophied adipocytes relative to non-hypertrophied adipocytes
(Fig. 3A). In this study, there was no significant induction of
phosphorylation of JNK during the course of adipocyte hyper-
trophy (Fig. 34). Treatment of hypertrophied adipocytes with
MEK inhibitors, PD98059 and U0126, for 24 h significantly
reduced MCP-1 mRNA levels (Fig. 3B left, p < 0.01) and secre-
tion in the culture media (Fig. 3B right, p < 0.01). Moreover, the
effect of the MEK inhibitors on MCP-1 mRNA expression was
observed as early as 6 h after the treatment (Fig. 3C). Further-
more, phosphorylation of ERK was increased in the nuclear
fraction rather than in the cytosolic fraction from hypertro-
phied adipocytes (Fig. 3D, p < 0.01). We also confirmed that
phosphorylation of MEK is increased in hypertrophied adipo-
cytes (Fig. 3E, p < 0.01). On the other hand, no such inhibitory
effect was observed when treated with a p38 MAPK inhibitor,
S$B203580 (Fig. 3, B and C). These observations suggest that
increased mRNA expression and secretion of MCP-1 in
hypertrophied adipocytes are due at least in part to MEK-
ERK activation.

MKP-1 Down-regulation during the Course of Adipocyte
Hypertrophy—We next examined expression of members of
the MKP family during the course of adipocyte hypertrophy.
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FIGURE 3. Role of MAP kinases in MCP-1 mRNA expression in hypertro-
phied adipocytes. A, phosphorylation of MAP kinases during the course of
adipocyte hypertrophy. Representative immunaoblots of ERK, p38 MAPK and
JNK quantification of phosphorylation levels. *, p < 0.05; **, p < 0.01 versus
day 8. n = 4. B, effect of 24-h-treatment with MAP kinase inhibitors on MCP-1
mRNA expression (feft) and secretion (right) in hypertrophied 3T3-L1 adipo-
cytes (day 21). PD, PD98059, 20 wmol/liter; U, L0126, 10 umol/liter; SB,
$B203580, 10 umol/liter.**, p < 0.01 versus vehicle treated day 21.n = 6.N.S,,
not significant. C, effect of 6-h-treatment with MAPK inhibitors on MCP-1
mRNA expression in hypertrophied 3T3-L1 adipocytes (day 21). D, phospho-
rylation of ERK in the cytosolic and nuclear fractions from non-hypertrophied
(day 8) and hypertrophied (day 21) 3T3-L1 adipocytes. Representative immu-
noblots of ERK and quantification of phosphorylation levels. £, phosphoryla-
tion of MEK during the course of adipocyte hypertrophy. Representative
immunoblots of MEK and quantification of phosphorylation levels. **, p <
0.01 versus day 8.n = 4-6.

Interestingly, we detected substantial amounts of MKP-1
mRNA and protein in non-hypertrophied adipocytes, which
are markedly down-regulated in hypertrophied adipocytes (Fig.
4,A and B, p < 0.05). There were no obvious changes in MKP-2
and MKP-3 mRNA levels during the course of adipocyte hyper-
trophy (Fig. 44). We also observed that MKP-1 mRNA expres-
sion is significantly down-regulated in the adipose tissue from
mice fed high fat diet for 2- and 4-weeks relative to those fed
standard diet (Fig. 4C, p < 0.05). In addition, phosphorylation
of ERK was significantly increased in the adipose tissue from
micethat received 4-, 6-, 8-, and 15-week high fat diet relative to
those fed standard diet (Fig. 4D, p < 0.05). These observations,
taken together, suggest that MKP-1 is down-regulated in
hypertrophied adipocytes, which is accompanied by ERK acti-
vation in vivo.

Generation of CAR-3T3-L1 Adipocytes—Because MKP-1
down-regulation may be responsible for the induction of
MCP-1 during the course of adipocyte hypertrophy, we next
examined the effect of MKP-1 restoration on ERK activity and
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FIGURE 4. Changes in MKP-1 expression during the course of adipocyte hypertrophy in vitro and in vivo.
A, changes in mRNA expression of MKP family during the course of adipocyte hypertrophy. n = 6.8, changesin
MKP-1 protein levels in 3T3-L1 adipocytes during the course of adipocyte hypertrophy. Representative immu-
noblots of MKP-1 and quantification of protein levels.n = 4.*, p < 0.05; **, p < 0.01 versus day 8. Cand D, time
course of MKP-1 mRNA expression (Q) and ERK phosphorylation (D) levels in mice with diet-induced obesity.
Representative immunobtots of ERK and quantification of phosphorylation levels. Data in C and D are
expressed as the ratio of changes in mice fed HFD to those in mice fed SD.*, p < 0.05;**, p < 0.01 versus SD.n =

4-12 at each time point.
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FIGURE 5. Generation of 3T3-L1 adipocytes stably expressing CAR (CAR-3T3-L1 adipocytes). Aand B, lipid
accumulation of CAR-3T3-L1 adipocytes and control 3T3-L1 adipocytes (ct) during the course of adipocyte
differentiation and hypertrophy as revealed by oil-red O staining (A) and triglyceride content (8). , changes in
MCP-1 mRNA expression in CAR-3T3-L1 adipocytes. D, efficiency of adenovirus-mediated gene transfer in
CAR-3T3-L1 adipocytes using Ad-GFP. PC, phase contrast view; GFP, GFP fluorescence view. Original magnifi-

cation, X 200. Scale bars, 100 um. **, p < 0.01 versusday 8.n = 4.

MCP-1 mRNA expression in hypertrophied adipocytes.
Because hypertrophied 3T3-L1 adipocytes are difficult to trans-
fect with plasmid- or even virally encoded genes, we generated
CAR-3T3-L1 adipocytes as described under “Experimental
Procedures.” There was no obvious difference in lipid accumu-
lation between CAR-3T3-L1 and 3T3-L1 adipocytes without
retroviral infection (control 3T3-L1 adipocytes) (Fig. 5, A and
B) during the course of adipocyte differentiation and hypertro-
phy. We also confirmed no appreciable difference in mRNA
expression of adipogenesis-related markersand adipocytokines

o
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adiponectin mRNA expression
was significantly increased and
IL-6 mRNA expression tended to
be reduced in hypertrophied
CAR-3T3-L1 adipocytes with Ad-
MKP-1 infection (supplemental
Fig. S4), suggesting the anti-in-
flammatory effect of MKP-1
in hypertrophied adipocytes. Of
note, there was no obvious differ-
ence in mRNA expression of adi-
pogenesis-related markers by Ad-
MKP-1 infection (supplemental
Fig. S4). We also confirmed that
Ad-MKP-1 infection does not
affect lipid accumulation and insulin-induced glucose
uptake in hypertrophied CAR-3T3-L1 (supplemental Fig.
S5). These observations, taken together, indicate that resto-
ration of MKP-1 does not affect adipocyte differentiation
and hypertrophy but improves the overall inflammatory
changes in hypertrophied adipocytes.

DISCUSSION

Recent studies showed that obese adipose tissue is character-
ized by increased infiltration of macrophages, suggesting that
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Weisberg et al. (28) reported the
attenuation of macrophage content
and inflammatory changes in the
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FIGURE 6. Effect of MKP-1 restoration on ERK phosphorylation and MCP-1 mRNA expression in hyper-
trophied adipocytes. A, adenovirus-mediated restoration of MKP-1 in hypertrophied CAR-3T3-L1 adipocytes
(day 21). Changes in MKP-1 mRNA {left) and protein (right) expression. Representative immunoblots of MKP-1
and quantification of protein levels. B and C, effect of MKP-1 restoration on ERK phosphorylation (8) and MCP-1

mRNA expression (C). *, p < 0.05; **, p < 0.01 versus Ad-GFP, (day 21). n = 6.

the inflammatory changes induced by the cross-talk between
adipocytes and macrophages are critical for the pathophysiol-
ogy of obesity and thus the metabolic syndrome (4, 5). The
molecular mechanisms underlying the recruitment of macro-
phages into obese adipose tissue have not fully been elucidated,
but there is considerable evidence suggesting the involvement
of MCP-1, which is increased during the course of obesity (8, 9).
It is, therefore, important to know how MCP-1 is increased in
hypertrophied adipocytes at the early stage of obesity, when
macrophages are not infiltrated. This study was designed to
elucidate the signaling pathway that mediates increased pro-
duction of MCP-1 at the early stage of obesity.

In this study, we found that expression of MCP-1 mRNA is
increased inthe adipose tissue from mice rendered mildly obese
by a short term high fat diet. Histologically, there is marked
increase in adipocyte cell size with no obvious macrophage
infiltration, suggesting that MCP-1 mRNA expression is
increased in the adipose tissue prior to macrophage accumula-
tion in vivo. Two recent studies with transgenic mice overex-
pressing MCP-1 in the adipose tissue and/or MCP-1-deficient
mice showed that MCP-1 plays a role in the recruitment of
macrophages into obese adipose tissue (11, 12). Furthermore,
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adipose tissue from mice lacking
C-C motif chemokine receptor-2, a
major receptor for MCP-1, during a
long term high fat diet. Together
with recent evidence that MCP-1
mRNA expression and secretion in
primary cultured adipocytes from
obese subjects are positively corre-
lated with their cell size (29), our
data herein support the concept
that increased production of
MCP-1 in hypertrophied adipocytes
at the early stage of obesity contrib-
utes to increased infiltration of mac-
rophages into the adipose tissue at
the late stage of obesity.

There are multiple intracellular
signaling pathways activated in adi-
pocytes during the course of adipo-
cyte hypertrophy. The data of this
study demonstrate that 3T3-L1 adi-
pocytes, when cultured alone up to
21 daysafter differentiation, is capa-
ble of up-regulating MCP-1 and
IL-6 and down-regulating adi-
ponectin in parallel with increased
cell size and lipid accumulation,
which are comparable to those in
obese adipose tissue. Moreover,
mRNA expression patterns of some
adipogenesis-related markers are
also roughly parallel to those in
obese adipose tissue, suggesting
that 3T3-L1 adipocytes cultured from day 8 to day 21 serve as
the useful in vitro experimental model system to investigate the
molecular mechanism for the dysregulation of adipocytokine
production during the course of adipocyte hypertrophy.

In this study, we observed that ERK and p38 MAPK are
activated in hypertrophied 3T3-L1 adipocytes. Moreover,
increased production of MCP-1 is significantly suppressed by
MEK inhibitors as early as 6 h after the treatment, but not by a
p38 MAPK inhibitor. We also demonstrated that ERK phos-
phorylation is significantly increased in the nuclear fraction but
not in cytosolic fraction obtained from non-hypertrophied (day
8) and hypertrophied (day 21) 3T3-L1 adipocytes, suggesting
that ERK activation occurs mostly in the nucleus rather than in
the cytoplasm of adipocytes during the course of adipocyte
hypertrophy. These observations are consistent with the con-
cept that MKP-1 acts as a negative regulator of MAPKs within
the nucleus (30). Furthermore, we observed that phosphoryla-
tion of MEK is increased in hypertrophied adipocytes. Together
with a recent report that MAPKs are involved in the regulation
of MCP-1 in human adipose tissue (31), these observations sug-
gest that increased production of MCP-1 in hypertrophied adi-
pocytes is mediated at least in part thorough MEK-ERK activa-
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tion. In this regard, using the TRANSFAC (6.0) data base, we
also searched for transcriptional factor binding sites in the
mouse, rat, and human MCP-1 promoter and found a consen-
sus AP-1 binding site 3—4-kb upstream of the transcriptional
start site. Moreover, there are previous reports showing that
cytokine-induced MCP-1 is mediated at least in part through
the activation of ERK and AP-1 (32, 33). It is, therefore, con-
ceivable that decrease in MKP-1 leads to the activation of ERK
and AP-1 transcriptional activity within the nucleus, thereby
increasing MCP-1 production during the course of adipocyte
hypertrophy.

In this study, we demonstrate for the first time that both
MKP-1 mRNA and protein levels are significantly down-regu-
lated during the course of adipocyte hypertrophy in vitro.
Moreover, restoration of MKP-1 in hypertrophied adipocytes
reduces the otherwise increased ERK phosphorylation and thus
MCP-1 mRNA expression. These observations, taken together,
suggest that ERK activation through MKP-1 down-regulation is
involved in increased production of MCP-1 in 3T3-L1 adipo-
cytes during the course of adipocyte hypertrophy. The above
discussion is consistent with the in vivo observation that ERKis
activated, which is followed by MKP-1 down-regulation in the
adipose tissue at the early stage of obesity, when there is no
appreciable macrophage infiltration. Thus, reduced MKP-1
expression may be one of the early events during the progres-
sion of obesity in vivo, thereby leading to increased production
of MCP-1 through the activation of ERK. In this regard, consti-
tutive activation of ERK as a result of low induction of MKP-1
confers stronger resistance of immortalized cells than that of
normal human fibroblasts to a cancer therapy called photody-
namic therapy (34, 35). It is also noteworthy that MKP-1
expression is down-regulated in human ovarian cancer cell
lines, where its forced re-expression reduces their malignant
potential, suggesting the role of MKP-1 in the progression of
human ovarian cancer (36). Thus, imbalance between MKP-1
and MEK activities as a result of MKP-1 down-regulation may
cause ERK activation, thereby leading to increased production
of MCP-1 in hypertrophied adipocytes.

It is also important to know the upstream signaling pathways
responsible for MKP-1 down-regulation during the course of
adipocyte hypertrophy. Recent studies have suggested the
involvement of multiple intracellular signaling pathways in the
inflammatory changes in adipocytes in vitro and in obese adi-
pose tissue in vivo. For instance, Ozcan et al. (37) reported that
obesity is associated with the induction of ER stress predomi-
nantly in the adipose tissue and liver and demonstrated that ER
stress is a central feature of obesity-related insulin resistance
and type 2 diabetes. On the other hand, Furukawa et al. showed
that ROS production is increased in parallel with lipid accumu-
lation in 3T3-L1 adipocytes and that oxidative stress induces
the dysregulation of adipocytokine production (38). It is, there-
fore, interesting to investigate the relationship among ER stress
induction, ROS production, and MKP-1 activation during the
course of adipocyte hypertrophy and/or at the early stage of
obesity. Lin et al. (39, 40) demonstrated previously that MKP-1
degradation via the ubiquitin-proteasome pathway is stimu-
lated by ERK, thereby leading to the sustained activation of
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ERK. Whether MKP-1 isthus down-regulated in hypertrophied
adipocytes or not must await further investigations.

During the course of this study, Wu et al. (41) have reported
that mice deficient in MKP-1 (MKP-17/~ mice) exhibit
enhanced MAPK activity in the adipose tissue, reduced adipo-
cyte cell size relative to wild-type littermates, and resistance to
diet-induced obesity as a result of increased lipid metabolism in
the liver and oxygen consumption in the skeletal muscle. Using
mice with congenital deficiency of MKP-1, however, the
authors did not address the role of MKP-1 in adipocytes during
the course of adipocyte hypertrophy or at the early stage of
obesity. In this regard, Bost et al. (17) reported that ERK1™/~
mice have decreased adiposity and fewer adipocytes than wild-
type littermates, and are resistant to high fat diet-induced obe-
sity and insulin resistance. In this study, we demonstrated that
ERK activation through the down-regulation of MKP-1 plays a
role in increased production of MCP-1 in hypertrophied adipo-
cytes during the course of obesity. It is, therefore, tempting to
speculate that ERK activation through the down-regulation of
MKP-1 plays an important role in the regulation of adipocyte
differentiation, adiposity, and high fat diet-induced obesity in
vivo. In this study, we also found that restoration of MKP-1
improves the dysregulation of adipocytokine production in
hypertrophied adipocytes, which may improve obesity-related
insulin resistance via adipocytokine mechanism in vivo. The
pathophysiologic role of MKP-1 down-regulation in hypertro-
phied adipocytes at the early stage of obesity in vivo must await
further investigation.

To obtain hypertrophied 3T3-L1 adipocytes whose MKP-1
levels are restored to those of non-hypertrophied 3T3-L1, we
tried to produce 3T3-L1 adipocytes stably expressing MKP-1
using the retrovirus vector and observed that they are unable to
differentiate into lipid-laden mature adipocytes.* This is con-
sistent with the concept that ERK should be on and off properly
during adipogenesis in vitro (16, 42). Although the adenoviral
vector has been widely used for the introduction of exogenous
genes in non-proliferating cells, 3T3-L1 adipocytes, particu-
larly when hypertrophied, are transfected with less efficiency
because of the scarcity of CAR (43—45). In this study, we gen-
erated 3T3-L1 adipocytes stably expressing CAR (or CAR-
3T3-L1 adipocytes), which is infected with the adenoviral
expression vector with ease, even after being hypertrophied.
Importantly, there are no appreciable differences in adipogen-
esis, lipid accumulation, and adipocytokine expression during
the course of adipocyte differentiation and hypertrophy
between CAR-3T3-L1 adipocytes and control 3T3-L1 adipo-
cytes. This study has verified the usefulness of CAR-3T3-L1
adipocytes as the unique experimental tool to investigate the
molecular basis for adipocyte differentiation and hypertrophy.

In conclusion, this study represents the first demonstration
that ERK activation through MKP-1 down-regulation is
involved in increased production of MCP-1 in adipocytes at the
early stage of obesity. The data of this study suggest that MKP-1
activation may offer a novel therapeutic strategy to reduce the
otherwise increased production of MCP-1 in hypertrophied

2 A. Ito, T. Suganami, and Y. Ogawa, unpublished data.
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adipocytes at the early stage of obesity and thus macrophage
infiltration into the adipose tissue at the late stage of obesity.
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suffer from asymptomatic left ven-

tricular (LV) injury, including in-
creased LV mass, without apparent
myocardial ischemia. The mechanisms
underlying diabetic LV injury remain un-
clear; however, it has been suggested that
endothelial dysfunction plays a role. Ac-
cumulating evidence indicates that bone
marrow—derived endothelial progenitor
cells (EPCs) contribute to neovasculariza-
tion of ischemic tissue and endotheliali-
zation of denuded endothelium. Recent
studies have shown that circulating bone
marrow—derived immature cells, includ-
ing CD34 ™ cells, contribute to the main-
tenance of the vasculature, both as a pool
of EPCs and as the source of growth/
angiogenesis factors (1). We hypothe-
sized that circulating CD34 " cells might
be associated with LV dysfunction in pa-
tients with type 2 diabetes. Therefore, we
studied the correlation between circulat-
ing CD34™ cell levels and plasma brain
natriuretic peptide (BNP) levels, an LV
dysfunction marker, in type 2 diabetic
patients.

P atients with type 2 diabetes often

RESEARCH DESIGN AND
METHODS

The institutional review board of the Na-
tional Cardiovascular Center approved

this study, and all subjects provided in-
formed consent. We examined 26 pa-
tients with type 2 diabetes (12 men and
14 women, duration of diabetes 16.1 +
10.7 years) who were over 60 years of age
(70.5 * 6.4 years). Statin was given to
nine subjects. ACE inhibitor or angioten-
sin receptor blocker was given to nine
subjects, and thiazolidinedione was given
to two subjects. Subjects were excluded
from the study if they had known cardio-
vascular disease or chronic renal failure
(defined as serum creatinine =180 wmol/
1). No study subject showed hypokinesis
by echocardiography or electrocardio-
gram change, indicating myocardial isch-
emia. Systolic (SBP) and diastolic (DBP)
blood pressure and anthropometric pa-
rameters were determined. Blood samples
were taken after 12-h fasting to measure
circulating CD34™ cells, plasma BNP,
fasting plasma glucose (FPG), and Al1C.
Circulating CD34" cells were quantified
by flow cytometry according to the man-
ufacturer’s protocol (ProCOUNT; Becton
Dickinson Biosciences) as previously re-
ported (2). BNP was quantified by en-
zyme immunoassay (Tohso, Tokyo,
Japan). We further examined LV frac-
tional shortening (LVFS), LV mass index
(LVMI) (3), and peak flow velocity of the
early filling wave (E), the late filling wave
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(A),and the E/A-wave ratio (E/A) by echo-
cardiography. All echocardiograms were
performed by several expert physicians
who were blinded to CD34 " cell level.

All statistical analyses were per-
formed using JMP version 5.1.1 software
(SAS Institute). Data are expressed as
means * SD. Comparisons of number of
CD34" cells by sex were made using the
two-tailed unpaired ¢ test. Correlations
between number of CD34™ cells and clin-
ical parameters were assessed by univari-
ate liner regression analysis and multiple
regression analysis. LVMI and plasma
BNP concentrations were analyzed after
logarithmic transformation.

RESULTS
FPG levels, A1C levels, and BMIs in the
study subjects were measured tobe 9.5 *
2.6 mmol/l, 9.2 = 1.8%,and 26.4 = 4.3
kg/m?, respectively. A total of 88% of the
patients had hypertension (SBP 142 = 18
mmHg, DBP75.7 £ 13.5 mmHg). Plasma
BNP levels were measured to be 95 * 319
pg/ml. Although it has been reported that
the level of BNP =100 pg/ml has a sensi-
tivity of 90% of diagnosing congestive
heart failure (CHF) in patients with CHF
symptoms (4), none of the subjects in this
study, including subjects with =100
pg/ml of BNP, showed symptoms of CHF.
The level of circulating CD34 " cells was
measured to be 0.76 * 0.39 cells/pl, and
there was no significant difference be-
tween sexes. The range of LVMI was
73.3-340.2, and 11 subjects applied to
the definition of LV hypertrophy (LVMI
=131 in men and <100 in women) (3).

Plasma BNP levels had a significant
inverse correlation with the number of
circulating CD34" cells (Fig. 1A),
whereas FPG, A1C, BMI, SBP, DBP, and
age showed no signiftcant correlations.
There was a significant correlation be-
tween the number of circulating CD34™
cells and LVMI by echocardiography (Fig.
1B). LVFS and E/A were not associated
with circulating CD34% cell numbers
(LVESr = —-0.07, P = 0.72; E/Ar =
—0.11, P = 0.59). There was also a sig-
nificant correlation between BNP levels
and LVMI (r = 0.59, P = 0.001).

In multiple regression analysis, the
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Figure 1—Correlation between CD34" cell
numbers and plasma BNP levels (A) and cor-
relation between CD34" cell numbers and
LVMI (B) in type 2 diabetic patients (n = 26).

level of CD34™ cells was an independent
correlate of both BNP (B = —1.64, P =
0.017) and LVMI (8 = —0.337, P =
0.031) in the model including age, A1C,
SBP, BMI, and medication (ACE inhibi-
tor/angiotensin receptor blocker, statin,
and thiazolidinedione).

CONCLUSIONS — In this study, cir-
culating CD34 " cell number was found to
significantly correlate with plasma BNP
level, a marker of LV dysfunction. To the
best of our knowledge, this is the first re-
port that circulating bone marrow-
derived cells are associated with diabetic
LV abnormality. Circulating CD34™ cell
numbers also significantly correlated with
LVMI, whereas they did not correlate with
LVFS (an LV systolic function marker) or
E/A (an LV diastolic function marker). LV
hypertrophy is a well-known predictor of
cardiovascular events independent of cor-
onary artery disease. The Framingham
Heart Study identified an association be-

tween diabetes and increased LV wall
thickness and mass (5). Although the
precise mechanisms underlying the asso-
ciation between diabetes and LV hyper-
trophy remain unknown, our results
suggest that reduced circulating CD34"
cell numbers may be involved in the pro-
gression of LV hypertrophy in diabetic pa-
tients. However, further investigations are
necessary to demonstrate this hypothesis.

We measured the level of CD34*
cells in this study but not the levels of
circulating CD34 */kinase insert domain
receptor (KDR) ™ cells that are regarded as
EPCs. Circulating CD34 " cell levels are
associated with ischemic stroke (6), and
administration of CD34™" cells amelio-
rates cerebral ischemia in mice (7). This
indicates that CD34" cells may be in-
volved in cardiovascular disease. Indeed,
another recent report indicated that levels
of circulating CD34" cells are more
strongly correlated with cardiovascular
risk than levels of EPCs (8). Therefore,
our results suggest that measurement of
CD34" cells may provide an indicator for
diabetic LV hypertrophy.

Our study had several limitations.
First, the study was performed only by
cross-sectional analysis; therefore, a pro-
spective study is needed to clarify
whether circulating CD34 ™ cell numbers
predict LV injury in diabetic patients. Sec-
ond, although systemic blood pressure
did not significantly associate with
CD34" cell numbers, further investiga-
tion of normotensive diabetic patients is
needed to exclude the possible effects of
hypertension on circulating CD34% cell
numbers, as most of the subjects in this
study were hypertensive. Despite this ca-
veat, these results may be of practical use
in elderly patients with type 2 diabetes, as
hypertension is a very common comorbid
condition in this population.

In conclusion, reduced circulating
CD34™ cell numbers are significantly as-
sociated with plasma BNP concentration
and LVMI in elderly patients with type 2
diabetes. These results suggest that de-
creased circulating CD34™ cells may be
involved in LV hypertrophy and that mea-
surement of circulating CD34 ™ cell num-

bers may be useful for the identification of
diabetic patients at high risk of LV injury.
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Summary. Adrenomedullin (AM) is a potent, long-lasting vasoactive pep-
tide originally isolated from human pheochromocytoma. Since its discovery,
serumn and tissue AM expression have been shown to be increased in ex-
perimental models and in patients with cardiac hypertrophy, myocardial
infarction and end-stage heart failure with several beneficial effects. Con-
siderable evidence exists for a wide range of autocrine, paracrine and endo-
crine mechanisms for AM which include vasodilatory, anti-apoptotic, angio-
genic, anti-fibrotic, natriuretic, diuretic and positive inotropic. Thus, through
regulation of body fluid or direct cardiac mechanisms, AM has additive and
beneficial effects in the context of heart disease. Notable molecular mecha-
nisms of AM include cyclic adenosine monophosphate, guanosine-3',5'-
monophosphate, PI3K/Akt and MAPK-ERK-mediated cascades. Given
the endogenous and multifunctional nature of AM, we consider this mole-
cule to have great potential in the treatment of cardiovascular diseases. In
agreement, early experimental and preliminary clinical studies suggest that
AM is a new and promising therapy for cardiovascular diseases.

Keywords: Adrenomedullin — Heart disease — Signaling

Intreduction

Adrenomedullin (AM) is a member of the calcitonin
gene-related peptide (CGRP) family, which was originally
discovered in human adrenal medulla as a hypotensive
factor produced by pheochromocytoma cells (Kitamura,
1993). This molecule is synthesized as an immature
53-amino acid precursor and modified by amidation into
a mature 52-amino-acid peptide with an intramolecular
disulfide bond, sharing slight homology with CGRP and
amylin. Since its discovery, this molecule has subsequently
been found in plasma and in a variety of tissues including
the vasculature, lungs, heart and adipose tissue (Ichiki,
1994; Saito, 1987; Fukai, 2004). In the heart, AM is present
in ventricular tissue and is particularly abundant in rat atria
(Ichiki, 1994; Sakata, 1994). Although mainly produced

by vascular endothelial cells, vascular smooth muscle cells
and macrophages, AM can also be produced by fibroblasts,
adipocytes and cardiac myocytes (Sugo, 1994, 1994a; Kubo,
1998). Earlier studies have shown that plasma AM levels
are increased in patients with heart failure (Nishikimi,
1995). Since then, increased AM has been detected in hearts
of patients with acute myocardial infarction, hypertension,
chronic heart failure and pulmonary hypertension.

In this review, although we will refer to studies involv-
ing AM signaling in various cell types and diseases set-
tings, our focus on the role of AM in cardiovascular ill-
ness. Certainly, the critical importance of AM in cardio-
vascular development is highlighted by the severe tissue
edema and cardiac abnormalities seen in AM-null mice
(Caron, 2001). Here, we review the current literature re-
garding the molecular mechanisms of AM, investigate its
role in cardiovascular disease and look ahead to the poten-
tial of AM in the treatment of heart disease.

Signaling

Since its discovery, the role of AM in heart failure and its
molecular mechanisms of action have been an intense
area of study. Signaling studies of AM have largely been
performed in endothelial and smooth muscle cell types
with calcium- and cAMP-mediated cascades having been
identified as the predominant mechanisms of AM action,
respectively. Here, we will review the AM receptors and
AM signaling pathways including cyclic adenosine
3',5’-monophosphate (CAMP) and calcium, cyclic guano-
sine 3',5-monophosphate (¢cGMP), phosphatidylinositol
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