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TABLE 1, Clinical Characteristics of Study Subjects

Nonsmokers Smokers
Pemale Male Male
Characteristic (n=24) {n = 15) (=11 i
Age (y) 80=2 63=4 48= 4 04
Risk factors for coronary artery disease
Hyperlipidemia 3 (13%) 1(73%) 0 {0%b) NS
Diabetes metlits 4 (17%) 4 (27%6) 1 (9%} NS
Hypentension 18 (75%) 8 (53%) 3 (27%) a3
Family history 3(13%) 3 (20%) 1{9%) NS
Medication
Aspirin 3 (13%) 2 (13%) 2 (18%) NS
Statins 4 (179) 1(7%) 0 (0%) NS
ACE inhibitars 3 (13%) 3 (20%) 2 (18%) NS
Antioxidants 1 (49%) 1 (7%) 1 (3%) NS

Data presented are mean value = SEM or number (%) of paients.

*Kruskal-Wallis test (for continuous values) and Fisher's exact test (for discrete variables) were used 10 compare the

values across ihe three groups,

'Significantly different from male nonsmokers by Mann-Whitney U rest.

NS = Not significant; ACE = angistensin comverting enzyme.

Oligonucieotide Primers and Probes

The oligonucleotide sequences used for
primers and as hybridization probes for the tar-
get are shown in Fig. 1. eNOS primers and
probes were designed using the Primer Express
V1.0 program, Applicd Biosystems Division,
Perkin-Elmer (Foster City, CA, USA). The for-
ward and reverse primers specific for human
eNOS were designed ta span the region within
exon 11 to 12 where the nucleotide sequence
was not conserved among the three NOS iso-
forms. The eNOS target probe was designed to
span an exon/intron junction to avoid hybridiza-
tion with genomic DNA sequences. The target
(eNOS) and the internal control (GAPDH) probes
were labeled with reporter dye FAM (6-carboxy-
fluorescein) and JOE (6-carboxy-4,5-dichloro-
2,7-dimethoxyfluorescein) at the 5’ ends, respec-
tively. Both probes were labeled with the
quencher fluor TAMRA (6-carboxy-tetramethyl-
rhodamine) at the 3’ end followed by the phos-
phoryladon site P.

Oligo-nucleotide hybridizatian probes were
obtained from Applied Biosystems Division,
Perkin-Elmer and primers werc obtained from
SAWADAY, Inc. (Tokyo, Japan).

Reat-time QC RT-PCR Analysis

We prepared 200 ng of total RNA sample in
each tube, and determined the relative copy
numbers of eNOS mRNA and GAPDH mRNA in
human platelets (as a rarget and an internal con-
trol} by che sensitive method of real-time RT-PCR
(PRISM™ 7700 Sequence Detector, Applied
Biosystems Division, Perkin-Elmer). In every
assay, we also measured both eNOS and GAPDH
mRNA copy numbers in cultured human aortic
endothelial cells which were then used to derive a
standard curve for RT-PCR analysis. The princi-
ple of real-time RT-PCR detection is based on the
fluorogenic S* nuclease assay as described earlier
(23). Briefly, following reverse transcription, the
nucleolytic activity of the rTth DNA polymerase
will cleave an oligonucleotide probe hybridized
to the target cDNA during the PCR reaction. The
fluorescent reporters FAM and JOE located on
the 5' ends of the probe molecules are rcleased
from a quencher dye TAMRA present on the 3’
end. Fluorescent emission is measured in real-
time and threshold cycles (CT) are calculated,
which reflect the starting mRNA quantities (Fig.
2). Thesc data were analyzed with a Sequence
Detector V1.6 program, Perkin-Elmer.

—536—



GNOS i 1

Y. SHIMASAK! ET AL

‘genoric DNA / "}

1

94 :|s[1 ll'.-I in[ii[é@%ﬁyl om0 2] 'u:‘a's y (A)n

CCAGACCCCTGGAAGGGGAGTGCCGCCAAGGGCACCGETATTALT

forward primer _hybridization probe
AGGAAGAAGACCTTITARAGAAGTGGC 3
CAM bindingsite Exon1l Exon-12
GCCTCGCTCATGGGCACGS)

ATCCTGTATGGCTCCGAGACCGGCCGGGCCCAGAGCTACGCACAG

FIG. 1. Nucleotide sequence of human endathelial NOS (eNOS) utillzed for PCR-ampiidication of Intraplatelet sNOS
cDNA. Forward and reverse primers and hytridizalion probe specilic for human eNOS are shown In the boxes. CAM

binding siw Is noted by the undadin.

Statistical Analysis

All data are expressed as mean=SEM. The
clinical data were compared using the Kruskal
Wallis test and Mann-Whitney U test (for contin-
uous values), and Fisher's exact test (for discrete
variables). We used multivariate linear regres-
sion analysis for the whole study population to
determine which clinical characteristics were sig-
nificantly associated with platelet eNOS mRNA
expression levels. Statistical significance was ac-
cepted at a P value less than .0S. All analyses
were undertaken using the Statistical Package for
Social Scientists 6.1 software, SPSS Japan Inc.
{Takyo, Japan).

Intra-assay and Interassay Precision

Single bands of 91 bp (1arget) and 226 bp (in-
ternal control) could be detected by gel elec-
trophoresis in the RT-PCR products of all sam-
ples, and each length conformed to the expected
size of the RT-PCR producis of eNOS and GAPDH
mRNA. The correspondence of the sequences be-
tween the amplified intraplatelet NOS and en-
dothelial NOS indicates that eNOS mRNA ex-
pression was identified in human platelets.

As shown in Fig. 2A and 2B, both eNOS and
GAPDH mRNA are reverse transcribed, detected,
and quantitated in real-time. Total RNA from cul-
tured human aortic endothelial cells was used to
derive standard curves for both eNOS and
GAPDH mRNA in every assay. The linearity of

RESULTS eNOS and GAPDH mRNA detection was tested
using serially diluted total RNA (0.02 t0 4 ng/ul)
Characteristics of Study Subjects from cultured human aortic endothelial cells in

The mean cigarette exposure in smokers (all
male) was 193 cigarettes per day for 284
years. As shown in Table 1, there were several
minor differences in baseline characteristics (age
and hypertension) among the three groups. The
drug edministration of aspirin, statins, an-
giotensin converting enzyme inhibitors, and an-
tioxidant (vitamin E) did not differ among the
three groups.

every assay. Using this specific protocol, the
assay shows very good linearity within this range
(correlation coefficient, r > 0.95). The linearity
of the detection aliowed a simple calculation of
sample eNOS and GAPDH contents by using lin-
ear regression analysis (bottom in Fig. 2). To de-
termine intra-assay and inter-assay precision,
triplicate sets of known concentration (2000 rel-
ative copies) of eNOS and GAPDH mRNA were
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FIG. 2. Roprassntalive amplification plots (top) and standard curves (bottorn) of the real-timo quantitalive reverse
transeriplase polymerase chein rsaction (GC RT-PCR) method. A: Measuromand of endothelial nitric oxids synthase
{eNOS} mANA in human platelets {unknowns) and human aortic endothelial cells (standards). B: Measurement of
glyceraldohyde-3-phosphate dehydrogenase (GAPDH) mRNA in both samples.

reverse transcribed and amplified in every assay
at the same time of other unknown sets. The
intra-assay and inter-assay variation were found
to be 8+2% and 11+3% in eNOS mRNA levels
normalized to GAPDH mRNA levels.

Quantitation of [ntraplatelet eNOS
mRNA Expression Levels

As shown In Fig. 3, there was significant ex-
pression of eNOS mRNA in platelets from each
group. In a comparison between smokers and
nonsmokers, the expression level of eNOS mRNA
(relative copy number) was found rto be signifi-
cantly lower in male smokers (59+17) than in
male and female nonsmokers (195x71 and
28560, P = .02 and P < .0001, respectively). In
a comparison between males and females, the
tevel of eNOS mRNA was significantly higher in
female nonsmokers (285+60) than in male non-
smokers (195+71, P < .G3). In a comparison be-
tween premenopausal (n = 5; 23 to S0 years of
age) and postmenopausal (n = 19; 53 to 79
years of age) women, there was a tendency of

higher expression level in premencpausal women
(481x231) than in postmenopausal women
(234+43, P = ns).

Multivariate Aonlysis of eNOS
mRNA Expression Levels

Table 2 shows the result of multiple linear re-
gression analysis on the eNOS mRNA expression
level and other clinical variables. In all subjects,
cigarette smoking (P = .008) and diabetes melli-
s (P = .047) were found to be significantly
negative predictors, and antioxidant (vitamin E)
trearment (P = .01) was a significantly positive
predictor of platelet eNOS mRNA expression.
Age, other medications, and other risk factors for
coronary artery disease were not significant.

DISCUSSION

This study is the first to demonstrate the quan-
titation of eNOS mRNA expression levels in
human platelets. We applied a quantitative RT-
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p < 0.0001
(arbitrary unit) | ]
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FIG. 3. The relative value of endothalial nilvic oxide synthase (@NOS) mRNA lavels
nommalized to glyceraidehyde-3-phosphate dehydroganase (GAPDH)} mRNA levels. Values
aro the means 2 7SEM.

TABLE 2. Multvariate Linear Regression Analysis for Factors Potentially Linked to eNOS mRNA Expression Level

Voriable ) SE(B) " Bem ¢ P

Cigarette smoking 2297 82,78 03629 27 008
Antioxidant treatment 408.1 151,26 0.3668 2678 010
Diabotes mellitus 1918 93.99 02810 2041 047
(Constam) 2692 4240 6349 000

Final significant variables in the equanion by stepwise selection method.
B: Partial regression coeflicients; SE (B): standard errars of the coefficients; Beta: scandardized partial regression coefficients,
P two-tailed probabilisy of .

PCR method, using fluorescent hybridization
probes and a sequence detector. We measured
individual expression levels of eNOS gene by col-
lecting blood samples and using this method as a

binassay. We alsa showed that platelet eNOS
mRNA expression levels were significantly de-
creased in cigarette smokers by using univariate
and multivariate analyses..
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The quantitation of platelet eNOS mRNA ex-
pression is based on a recently developed
method. The direct study of platelet-specific gene
products has been greatly hampered, because
human platelets are derived from megakary-
ocytes as a-nucleate cells and contain only trace
amounts of RNA capable of being transcribed
into protein. We used a quantitative real-time
RT-PCR technique based on the sensitive fluo-
rescence detection system to make these quanti-
tations. The amount of total RNA necessary for
assay was much less than that of Northern blot
and RNase protection analyses. In addition, this
method allowed for the detection and quantita-
tion of low abundance target molecules with
high accuracy.

During the last few years, evidence has been
accumnulatng to suggest that platelets themselves
have an L-arginine/NO pathway that may act as
a ncgative feedback mechanism to inhibit exces-
sive adhesion, secretion, and aggregation of
platelets (7,8). Under resting conditions, the
source of NO acting on platelets is most likely the
endothelium. But under conditions associated
with disrupted, diseased endathelium and
platelet activation, platelet-derived NO appeats
to play an important counterregulatory role by
inhibiting recruitment of platelets to the grow-
ing thrombus (8). Recently, constitutive NOS has
been identified in human blood platelets and re-
vealed to be endothelial NOS in origin (5,6). To
quantitate platelet NOS mRNA accurately, it is
necessary to develop an eNOS mRNA detection
method which does not cross-react with other
NOS mRNAs. In our assay, no cross-reactivity
with the other NOS mRNA (nNOS mRNA or
iNOS mRNA) was observed because of the spe-
cific design of the oligo-nucleotide hybridization
probes and primers.

It has recently been reported that platelet-de-
rived NO release is impaired in long-term smok-
ers (17) and patients with acute coronary syn-
drome (ACS) (24), but the mechanism(s) for de-
creased NO release from platelets in those sub-
jects have not yet been established. The present
study showed that intraplatclet eNOS mRNA ex-
pression is significantly decreased in cigarette
smokers. The reduced expression of intraplatelet
eNOS mRNA in smokers may play an important
role in the pathogenesis of ACS, such as unstable
angina pectoris and myocardial infarction.

In this study, the expression level of platelet
eNOS mRNA was associated with gender differ-
ence (female nonsmokers vs male nonsmok-
ers), as was difference of smoking status {male

smokers vs male nonsmokers). Higher expression
level of platelet eNOS mRNA in female subjects
may suggest thact estrogen could upregulate
eNOS gene expression in platelets, as in en-
dothelial cells (25,26). In the analysis of female
subjects, the expression level tends to be higher
in premenopausal women than in post-
menopausal women, but did not reach statistical
significance. In recent studies, nongenomic effect
of estrogen on eNOS cellular targeting (27) and
other estrogen-regulated genes such as prostacy-
clin synthase have been reported. Estrogen may
have other main effects on premenopausal
women, rather than enhancement of eNOS
mRNA expression.

Multiple linear regression analysis showed
that cigarette smoking, antloxidant (vicamin E)
treatment, and diabetes mellitus were significant
predictors of plateler eNOS mRNA expression
level. These final significant risk factors and
medication may all alter intraplatelet and
-megakaryocyte redox status (28,29). Oxidatively
modified LDL regulates eNOS expression through
a combination of early transcriptional inhibition
and postiranscriptional mRNA destabilization in
buman endothelial cells (30), and aiso decreases
eNOS protein expression in human platelets
{31). Exposure to cigarette smoke might modify
directly or indirectly the rate of transcription of
eNOS gene and/or the stability of the transcripts
because of its association with the free radical in-

-duction of oxidative stress.

Both an increase and a decrease of eNOS
mRNA and protein have been found in endothe-
lial cells treated with cigarette smoke extract and
nicotine (32,33). The present study is the first to
demonstrate that long-term cigarette smoking re-
duces platelet eNOS mRNA expression that could
lead to decreased eNOS protein mass in human
platelets. We speculate that oxidative stress by
long-term smoking resuits in down-regulation of
platelet eNOS gene directly or indirectly (tran-
scriptional inhibition and/or posttranscriptional
mRNA destabilization) more than up-regulation
based on a feedback mechanism thought 1o be
triggered by reduced eNOS activity and NO
breakdown. .

‘We previously showed that an eNOS gene mu-
tation in the promoter region (T-786 to C) re-
duces gene promoter activity (34,35). It will be
interasting to explore the differences in intra-
platelet eNOS mRNA expression levels between
carriers and noncarrlers of this gene mutation.
Given thar the cffects of this eNOS gene muta-
tion and low expression of the eNOS gene caused
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by long-term smoking could potentially be addi-
tive, subjects carrying this genetic trait should be
strongly cautioned against cigarette smoking.
Dermonstration of an additive effect requires con-
firmation by future studies.

Study Limitations

A total of 50 subjects enrolled in this study in-
cluded no female smokers, although they were
consecutive subjects who had been referred to
our hospital and had given informed consent to
the study. We can assume thar this bias is ex-
cluded by the result of multivariate analysis; sex
difference was not a significant predictor of
platelet eNOS mRNA expression level. However,
it may have led us 10 underestimate the effect of
sex difference on eNOS mRNA expression levels.

We had to collect large amaunts of whole
blood (40 mL) from each subject, because human
platelets contain only trace amounts of RNA. We
adapted the acid-guanidinium-phenol-chloro-
form extraction procedure and recovered suffi-
cient platelet RNA (approx. 10 to 30 ug of total
RNA) 10 perform QC RT-PCR analysis on platelet
eNOS mRNA. Northem blot or RNase protection
analyses, however, would require the collection
of even greater amounts of whole blood than the
QC RT-PCR analysis.

CONCLUSIONS

In this study, we developed a sensitive and ac-
curate quantitative RT-PCR method for measure-
ment of individua) expression levels of platelet-
derived NOS mRNA. Using this mcthod, we
demonstrated that plateler-derived NOS mRNA
expression is decreased in smokers compared 1o
nonsmokers. This finding may indicate a patho-
physiological link between cigarette smoking and
cardiovascular thrombosis, and contribute to the
understanding of the high risk of cardiovascular
disease in cigarette smokers.
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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-L1 adipocytes 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 has accumulated 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 composed 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 (INFa) derived from adipocytes and macrophages,’

respectively, establishes a vicious cycle that aggravates the
intflammatory changes: ie. marked up-regulation of pro-in-
flammataory 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 arc activated in obese adi-
posc 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 abesity (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 carly
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
increasced 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—] monocyte chemoattractant protein-1;
MAPK, mitogen-activated protein kinase; MKP-1, mitogen-activated pro-
tein kinase phosphatase-1; ERK, extracellular signal-regulated kinase; JNK,
¢-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 (MAPKs) 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, eg.
MAPK/ERK kinase (MEK), MAPKSs are rapidly inactivated bya
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 77~ 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 ditferentia-
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 to treat
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 INK,
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
fram Sigma or Nacalai Tesque (Kyoto, Tapan).

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 cvcle) 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,
‘Tokvo, 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 (# = 10) and
2 weeks (1 = 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 Resecarch (No. 0060026).

Histological Analysis—The epididymal WAT was fixed with
neutral-buffered formalin and embedded in paraffin. Sections
were stained with hematoxylin and cosin and studied under
X 200 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—313-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
in 3T3-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 Si. 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 (10-20 ug protein/lane)
were scparated by 12.5% SDS-PAGE and electrophoretically
transferred onto polyvinylidene ditluoride 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, Takyo, 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
(pPMRX-CAR) was constructed by ligating the full-length CAR
c¢DNA into the EcoR1 site of pMRX vector (24) and transtected
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 transtection
and applied to 313-L1 adipocytes in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serumand 5 pg/ml
of polybrene (Nacalai Tesque) in a tinal volume of 5 ml The
stable CAR-expressing 313-L1 adipocytes (CAR-3T3-L1 adi-
pocytes) were obtained by 2 ug/mi 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
Dicgo, 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-
cred 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. 1A). The mice fed high fat diet
weighed ~20% more than those fed standard diet for 15 weeks
(29.7 + 0.3 g versus 34.8 + 1.9 g, p < 0.05). The weight of
epididymal white adipose tissue (WA'T) was significantly
increased in mice fed high-fat diet for 2 wecks 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. 1B). There were no apprecia-
ble infiltration of macrophages in the adipose tissue up to 8
weeks after the experiment, atter which interstitial cells stained
with F4/80, a marker of activated macrophages, appeared in
mice fed high fat dict (Fig. 1C). Correspondingly, F4/80 mRNA
expression was also increased in the epididymal WA'T 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 carly as 4 weeks and gradually increased
up to 15 weeks after the experiment (Fig. 1D, right). These
observations indicate that MCP-1 mRNA cexpression 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 C57BL/6J
mice were fed either SO or HF D for 15 weeks. A, time course of body weight.
Open circle, SD; closed dircle, 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, X 200. Scale bars, 100 um. D, time courses
of F4/80 and MCP-1 mRNA expression. Data in 8 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 313-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. 2A4) and triglyceride content
(Fig. 2B). In this study, insulin-induced glucose uptake was pre-
served up to day 21 (supplemental Fig. S1).

Quantitative real-time PCR analysis revealed that MCP-1
mRNA expression was significantly increased up to day 21,
~6-fold higher than that in 313-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
3713-L1 adipocytes (day 21) were ~5-fold higher than those in
3T3-L1 adipocytes (day 8) (p < 0.01). By contrast, adiponcectin
mRNA expression showed signiticant 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 ¥2 {(PPARY2), adi-
pocyte fatty acid-binding protein (aP2), fatty-acid transport
protein 1 (FA'TP1), 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, %X 200. Scale bars, 100 um.
8, riglyceride accumulation in 3T3-L1 adipocytes during the course of adipo-
cyte hypertrophy. € and D, changes in adipocytokine mRNA expression (C}
and secretion (D) in 3T3-L1 adipocytes during the course of adipocyte hyper-
trophy. **, p < 0.0V versus day 8.n = 4.

(C/EBPa) in hypertrophied 3T3-L1 adipocytes were consistent
with those in obese adipose tissue (supplemental Fig. S2). In this
study, we used 313-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. 34). In this study, there was no signiticant 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 sccre-
tion in the culture media (Fig. 3B right, p < 0.01). Moreover, the
ctfect 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
{raction 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,
SB203580 (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 immunoblots of ERK, p38 MAPK and
INK 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 (left) and secretion (right) in hypertrophied 3T3-L1 adipo-
cytes (day 21). PD, PD98059, 20 umolliter; U, U0126, 10 umol/iiter; S8,
SB203580, 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
mice that 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

s
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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, changes in
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 (C) and ERK phosphorylation (D) levels in mice with diet-induced obesity.
Representative immunoblots 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 versusSD.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). C, 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 wm. **, p < 0.01 versusday 8.n = 4.

between the cells (supplemental Fig.
$3). Similar to control 313-L1 adi-
pocytes, CAR-3T3-L1 adipocytes
exhibited the up-regulation of
MCP-1 during the course of adipo-
cyte hypertrophy (Fig. 5C). The
transfection efficiency was mark-
edly increased in CAR-3T3-L1 adi-
pocytes relative to control 3T3-L1
adipocytes as judged by Ad-GFP
infection (Fig. 5D). '

Effect of MKP-1 Restoration in
Hypertrophied Adipocytes—Infec-
tion with Ad-MKP-1 significantly
increased MKP-1 mRNA expres-
sion in hypertrophied CAR-3T3-

L1 adipocytes (Fig. 64, left). We

confirmed that MKP-1 protein
levels in  hypertrophied CAR-
313-L1 adipocytes infected with
Ad-MKP-1 are roughly compara-
ble to those found in non-hyper-
trophied CAR-3T3-L1 adipocytes
(Fig. 64, right). In this setting,
MKP-1 restoration in hypertro-
phied CAR-3T3-L1 adipocytes
resulted in a marked reduction of
ERK phosphorylation (Fig. 6B, p <
0.05) and MCP-1 mRNA expres-
sion (Fig. 6C, p < 0.01), which is
roughly comparable to those
found in non-hypertrophied CAR-
3T3-L1 adipocytes. Interestingly,
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

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 313-L1 adipocytes without
retroviral infection (control 313-L1 adipocytes) (Fig. 5, A and
B) during the course of adipocyte differentiation and hypertro-
phy. We also confirmed no appreciable ditterence in mRNA
expression of adipogenesis-related markers and adipocytokines

AUGUST 31, 2007 -VOLUME 282-NUMBER 35

affect lipid accumulation and insulin-induced glucose
uptake in hypertrophicd 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 obesc adipose tissue is character-
ized by increased infiltration of macrophages, suggesting that
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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
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and quantification of protein levels. 8and C, effect of MKP-1 restoration on ERK phosphorylation (8) and MCP-1

mRNA expression (0). *, 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 clucidated,
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 carly stage of obesity, when
macrophages are not infiltrated. This study was designed to
clucidate the signaling pathway that mediates increased pro-
duction of MCP-1 at the carly stage of obesity.

In this study, we found that expression of MCP-1 mRNA is
increased in the adipose tissue from mice rendered mildly obese
by a short term high fat dict. 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 dict. 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-1in hypertrophied adipocytes
at the carly 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 313-L1 adi-
pocytes, when cultured alone up to
21 days after 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. Morcover,
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 313-L1 adipocytes. Morcover,
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) 313-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 MAPKSs 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 hypertrophicd adi-
pocytes is mediated at least in part thorough MEK-ERK activa-

- cof W
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tion. In this regard, using the TRANSFAC (6.0) data base, we
also scarched 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. Morcover, 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.
Morcover, 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 ERK is
activated, which is tollowed by MKP-1 down-regulation in the
adiposc tissue at the carly 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 tor 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-
puse tissuc 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 313-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 is thus 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
dict-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 carly stage of
obesity. In this regard, Bost et al. (17) reported that ERK17/7
mice have decreased adiposity and fewer adipocytes than wild-
type littermates, and are resistant to high fat dict-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-1in hypertrophicd adipo-
cytes during the coursé 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 hvpertro-
phied adipocytes at the early stage of obesity in vivo must await
further investigation.

"T'o obtain hypertrophied 313-L1 adipocytes whose MKP-1
levels are restored to those of non-hypertrophied 313-L1, we
tried to produce 3T3-L1 adipocytes stably expressing MKP-1
using the retrovirus vector and observed that theyare unable to
differentiate into lipid-laden mature adipacytes. 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 easc, 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
carly 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

4 A lto, 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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The endothelial nitric oxide synthase gene -786T/C
polymorphism is a predictive factor for reattacks of coronary

spasm
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Objective We previously found a -7861/C polymorphism
in the 5'-flanking region of the endothelial nitric oxide
synthase (eNOS) gene and reported that this
polymorphism is strongly associated with coronary spasm.
In this study, we examined whether the polymorphism is a
prognostic marker in coronary spasm patients.

Methods and results We examined the clinical courses of
201 consecutive patients with coronary spasm who were
admitted to our institution: 146 patients with the -786T/T
genotype; 50 patients with the -786C/T genotype; and five
patients with the -786C/C genotype. The mean follow-up
period was 76+ 60 months. All the patients took calcium
channel blockers and/or nitrate during the follow-up
period. In this study, no patients died due to a cardiac
event. About 25 patients were readmitted owing to
cardiovascular disease. Out of these 25 patients, 23
patients were readmitted owing to a reattack of coronary
spasm. The -786C allele was significantly associated with
readmission due to coronary spasm (P=0.0072, odds ratio:
3.37 in the dominant effect). Kaplan-Meier analysis
revealed that the occurrence of readmission was
significantly higher in the patients with the -786C allele
than in the patients without the -786C allele (P=0.0079).
Further, multiple logistic regression analysis revealed that
the -786T/C polymorphism was an independent predictor

Introduction

Coronary spasm plays an important rolc in the pathogencsis
of not only variant angina but also ischemic heart discases
in general, including other forms of angina pectoris, acute
myocardial infarction, and sudden deach [1-3].

We previously reported that the long-term prognosis for
pacients with coronary spasm is relatively good and that the
usc of calcium channel blockers (CCBs) improves it [4.5].

We have recommended that patients with coronary spasm
take CCB, which dilates the large coronary arteries and
thereby prevents the occurrence of coronary spasm;
however, there were many patients who were readmirtted
owing to a recurrent attack of coronary spasm while on

1744-6872 © 2007 Lippincott Williams & Wilkins

for readmission due to reattack of coronary spasm
(P=0.006; relative risk=3.590).

Conclusions The eNOS -786C allele is an independent
risk factor for readmission due to a recurrent attack of
coronary spasm in patients with coronary spasm, even if
the patients have taken calcium channel blockers and/or
nitrate. Pharmacogenetics and Genomics 17:581-587 ©
2007 Lippincott Williams & Wilkins.
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the CCB regimen [6]. It is not yet clear what factor(s)
predisposcs coronary-spasm paticnts who take CCB to a
reattack of coronary spasm.

We previously reported that a -786T/C polymorphism in
the 5'-flanking region of the endothelial nitric oxide
synthase (eNOS) gene is strongly associated with
coronary spasm; it also results in a significant reduction
in ¢NOS gene promoter activity [7]. We further showed
that the replication protein Al binds to the -786C allele
and thereby represscs eNOS gene transcription [8]. Our
clinical rescarch revealed that the polymorphism scrongly
increases the basal tone of the coronary arterics, and
enhances their response to the constrictor effects of
acetylcholine (ACh) [9.10]; furthermore, we reported

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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that the polymorphism is significantly associated with
myocardial infarction, especially in patients without
coronary stenosis [11}. These findings suggest that the
-786T/C polymorphism in the ¢NOS gene compromiscs
endothelial NO synthesis and thereby predisposes the
paticnts to severe coronary spasm.

In this study, we cxamined the association between the
-786T/C polymorphism and the long-term prognosis for
coronary-spasm paticnts.

Methods

Study population

The study population consisted of 201 consecutively
admitted patients from July 1984 to July 2000 (100 men;
101 women: mcan age in years, 61.9; range 25-81 years)
from whom genomic DNA could be obtained. All of them
had coronary spasm as defined by an intracoronary
injection of ACh. Coronary spasm was defined as total
or subtotal occlusion of a coronary artery, which was
associatcd with ischemic clectrocardiographic changes
and/or chest pain. Patients with significant organic
stenosis in the coronary arteries, defined as having more
than 50% organic stenosis in at least one coronary artery
after nitroglycerine administration, were excluded. Pa-
tients who stopped medications were excluded from this
study.

The patients were divided into two groups: the -786T
group consisting of 146 paticnts with the -786T/T
genotype (74 men and 72 women; mean age in years,
61.7: range, 25-81) and the -786C group consisting of 55
paticnts (28 men and 27 women; mean age in years, 62.2:
range, 40-77). The larter group included 50 patients with

the -786C/T genotype and five patients with the -786C/C

genotype. We examined the following two events during
the follow-up period: (i) death from all causes and (ii)

rcadmission duc to a coronary artenal event, such as

reattack of coronary spastic angina, angina pectoris due to
organic stenosis, or acutc myocardial infarction.

Cardiac catheterization

All medications taken by the study participants were
discontinued at least 48 h before cardiac cathetenzation.
Coronary arteriography was performed in the morning
while the paticnts were in a fasting state. After baseline
arteriography of the left and nght coronary arteries, an
intracoronary injection of ACh was administered as
described previously [12-15].

Two consecutive doses (30 and 100ug) of ACh were
administered 4 min apart, injected into the left coronary
arcery: angiography was performed within 30s of each
injection. Then, 50 pug of ACh was injected into the right
coronary artery and angiography was again performed.
Finally, both left and right coronary arteriograms were

taken after an intracoronary injection of 1 mg of isosorbide
dinitrate. We evaluated the degree of organic stenosis
after the injection of isosorbide dinitrate.

Screening method for the -786T/C polymorphism in the
endothelial nitric oxide synthase gene

An allele-specific oligonucleotide method was used in the
screening for the -786T/C polymorphism in the eNOS
gene. Hybridization was accomplished with **P-radiola-
beled oligonucleotides corresponding to either the probe
for the -786T allele or the probe for the -786C allele. The
method has been described earlier. {7]. In bref, the PCR
fragments, 236-bp in length, including the -786T/C
polymorphism site, were blotted in duplicate onto nylon
membranes. Hybridization was accomplished with *2P-
radiolabeled oligonucleotides corresponding to cither the
-786T sequence (5'-GGG TCA GCC AGC CAG GGAA-
3; probe for the -786T sequence) or the -786C sequence
(5-GGG TCA GCCGGC CAG GGAA-Y'; probe for the
-786C sequence).

Statistical analysis

Continuous variables arc expressed as mean + SD. Mean
values were compared using the unpaired Student’s
r-test. The y? test was used for the evaluation of
differences berween proportions. A probability value
< ().05 was considered to indicate statistical significance.

Multiple logistic regression analysis with forward step-
wise seclection was performed with SPSS 14.0] for
Windows (SPSS Japan Inc). Multple logistic analysis
was used to determine independent predictors of
coronary spasms. Independent variables were coded as
the following dummy varables: genotype. 0 for the
-786T/T genotype and 1 for the -786C/T or the -786C/C
genotype; sex, 0 for women and 1 for men; age, 0 for <55
years and 1 for > 55 years; body mass index, 0 for
< 25kg/m?® and 1 for > 25kg/m?; hypercholesterolemia,
0 for <220mg/dl and 1 for = 220 mg/dl; Cigarette
smoking, 0 for nonsmokers and 1 for ex-smokers (all scudy
participants quit smoking upon admission); hyperrension,
0 for normotension and 1 for hypertension; and diabetes
mellitus, 0 for an absence and 1 for a presence. A Kaplan—
Meier survival curve was used for determining survival
and readmission rates in both the -786'T group and the
-786C group. We comparcd the survival rates and
rcadmission rates between the -786T group and the
-786C group using the log-rank test.

Results

Follow-up periods

The paticnts in this study were followed up until 1
December 2005. The mean follow-up period was 76 + 60
months (range 1-252 months) for all study patients, with
mean follow-up periods of 74 = 56 months (range 1-252
months) for the -786T group and 81 *+ 68 months (range
1-235 months) for the -786C group.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Clinical characteristics in the study patients

The clinical charactenistics of the study paticnts are
shown in Tablc 1. The incidence of coronary risk factors,
including age, sex, hyperwension, and cigarecte smoking,
were compared between the -786T and the -786C groups.
No significant differences were scen in these coronary
risk factors between the -786T and the -786C groups. No
significant differences were seen in the drug regimens,
including CCB, nitrates, angiotensin-converting enzyme
inhibitors (ACE-I), or antiplatclets between the two
groups.

Prognosis of patients and causes of death

In this study population, 192 survived and nine died
during the follow-up period. Of the nine patients who
died, three died of lung cancer, onc of pancreas cancer,
onc of a brain tumor, one of a ruptured thoracic aortic
aneurysm, onc of stroke, and two of respiratory failure.
Kaplan-Meicr analysis revealed that there were no
significant differences in the death rates between the
-786T group and the -786C group (log-rank test:
P=0.5945) (Fig. 1).

Readmission due to coronary arterial disease and the
-788T/C polymorphism

Twenty-five paticnts were  rcadmitted owing to a
recurrence of coronary arterial discase. Qut of these 25
patients, 23 patients were readmitted owing to a rcattack
of coronary spasm. In the patients readmitted owing to a
reattack of coronary spasm, onc patient was rcadmitted
owing to acutc myocardial infarction without significant
organic stenosis. He had the -786C/C genotype of the
cNOS gene. Two patients who were readmitted owing to
a progression of coronary stenosis had the -786T/T

genotypes.

The rate of readmission duc to coronary arterial discase
was significantly higher in the -786C group than in the
-786T group (P =0.0134) [21.8% (12/55) and 8.9%
(13/146), respectively, as is shown in Table 2]. The rate

Table 1 Clinlcal characteristics of the study patients
-788T group -786C group P vdue
(n=148) {n=55)

Age (years) 6211 82110 NS
Men/women 72/74 26/27 NS
Hypertension 44/1486 (30%) 15/55 (2790) NS
Cigarette smoking 78/146 (53%) 33/55 (6090) NS
Diabetes mefiitus 28/146 (19%) 11/55 (209) NS
Hypercholesterolemia 41/146 (28%) 13/55 (249%) NS
BMI (kg/m?) 2343 2343 NS
Pharmacotherapy

cce 137/1486 (94%) 52/55 (95%) NS

Nitrates 20/146 (14%) 4/55 (79%) NS

ACEH 12/1486 (8%) 7/55 (13%) NS

Antiplatelet 16/148 (11%) 6/55 (11%) NS
HMG-CoA

Reductase inhibitor 18/148 (12%) 2/55 (49%) NS

Values are numbers of patients or mean £ SD.
ACEH, angiotensin-converting enzyme inhibitor; BMI, body mass index; CCB,
calcium channel blocker; NS, not significant.
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Kaplan-Meier survival curves of cumulative death rates in patients with
coronary spasm divided into two groups according to the -786T/C
polymorphism.

Table 2 Readmission rates

-7867T group -786C group P value
{n=58) (h=148)
Reattack of coronary 11/146 (75%) 12/55 (21.8%) 0.0046
apasm
Progression of coronary 2/146 (1.4%) 0/55 (0%b) 0.3830
stenosis
Totat 13/146 (8.9%) 12/55 (21.8%) 0.0134
Values are numbers of patienta.

of readmission due to a reattack of coronary spasm was
significantly higher in the -786C group than in the -786T
group (P =0.0046) [21.8% (12/55) and 7.5% (11/146),
respectively].

Kaplan-Mcier analysis revealed that the occurrence of
readmission due to coronary arterial discase was signifi-
cantly lower in the -786T group than in the -786C group
(P=0.0079) (Fig. 2). Further, the occurrence of read-
mission duc to coronary spasm was significantly lower in
the -786T group than in the -786C group (P = 0.0032)
(Fig. 3).

Risk factors for readmission due to a reattack of
coronary spasm

We compared the coronary risk factors, including clinical
coronary risk factors and medications, betwecen the
readmission and the non-readmission groups as is shown
in Table 3. Patients in the group readmission due to a
reattack of coronary spasm were significantly younger
than those in the non-readmission group (P = 0.0044).
No significant differences were seen in the other coronary
risk factors or in the medications berween the read-
mission and the non-readmission groups.
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Kaplan—-Meier survival curves of cumulative readmission rates due to
coronary spasm in patients with coronary spasm divided into two
groups according to the -786T/C polymorphism.

The rate of readmission duc o a recattack of coronary
spasm in the patients with T/T, C/T, and C/C genotypes
were 7.6% (11/144), 22.0% (11/50), and 20.0% (1/5),
respectively. The incidence of patients with the -786T/C
polymorphism was significantly higher in the group of the
readmission due to a reattack of coronary spasm than in
the non-recadmission group (P =0.0051). When the
additive and dominant cffect of the -786C allele was
analyzed, the -786C allele was significantly associated
with readmission duc to coronary spasm as is shown in
Table 4 (P=0.0072, odds ratio: 3.37 in the dominant
cffect).

Table 3 Clinical characteristics in readmission due to coronary
spasm and non-readmission groups

Non-readmissi Readmission P value
(n=176) (h=23)

Age (years) 83110 58+ 12 0.0044
Men/women 86/90 12/11 NS
Hypertension 51/176 (299%) 8/23 (35%) NS
Cigarette smoking 95/178 (54%) 14/23 (81%) NS
Diabetes melltus 37/176 (21%) 2/23 (900) NS
Hypercholesterolemia 47/178 (27%) 7/23 (30%) NS
BM (kg/im?) 2313 2313 NS
Pharmacotherapy NS
ccB 167/176 (95%) 22/23 (96%) NS
Nirates 20/176 (11%) 3/23 (13%) NS
ACE-| 16/176 (99%) 2/23 (9%} NS
Antiplatolets 22/176 (13%) 0/23 (0%b) NS
HMG-CoA 16/176 (99%) 2/23 (99%) NS

Reductase inhibitor

Values are numbers of patients or mean £ SD.
ACE-|, angiotensin-converting enzyme inhibitor; BMI, body mass index; CCB,
calcium channel blocker; NS, not significant.

Table 4 Genotype frequencies of -786T/C polymorphism in the
readmission due to coronary spasm and non-readmission group

Nonreadmis-  Readmission Odds ratio (85% P value
sion (n=176) (n=23) o
788C/C 4176 2%)  1/23 (4%) - -
genotype
24% 52%
786C/T 38/176 (22%)  11/23 (48%)
genotype
788T/T 133/176 (760%)  11/23 (48%) - -
genotype
Additive - - 256 (1.26-5.21) 0.0087
Dominant - - 3.37 (1.39-8.20) 0.0072
Recessive - - 1.6 (0.21-18.28) 0.5569

Values are numbers of patients. Cl, confidence interval.

Subsequently, we performed multiple logistic analysis,
with forward stepwise selection for the rcadmission
group, using all the clinical risk factors and the -786T/C
polymorphism as shown in Table 5. The analysis revealed
that the most predictive independent risk factor for
readmission due to a reattack of coronary spasm was the
-786T/C polymorphism (P = 0.006, relative risk = 3.590).
Other classical coronary risk factors were not significant
predictive factors for readmission due to coronary spasm.

CCB and readmission due to coronary spasm

We analyzed compounds and doses of CCBs, which were
administered to patients with coronary spasm as shown in
Table 6. The incidence of readmission due to coronary
spasm was significantly higher in patients who were
administered two compounds of CCBs than in patients
who were administered one compound of CCBs
(P =0.0016).

We listed nine patients who were administered two
compounds of CCBs as shown in Table 7. The incidence
of the -786T/C polymorphism in the readmission and
non-readmission groups were 4/4(100%) and 1/5(20.0%),
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Table 5 Multiple logistic analysis with forward stepwise selection
for readmission due to coronary spasm
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Table 7 Characteristics of patients who were administered CCB
two compounds

Variables B SE Relative risk P value
(85% CO

-786T/C Potymorphism 1278 0.461 3.500(1.455-8.853) 0.008

Age -0.831 0489 0.432(0.151-1.028) 0.057

Constant -2.141 0.346 0.117 0.000

Q, confidence interval.

Table 6 Compounds and doses of CCBs in the readmission due to
coronary spasm and the non-readmission group

Compounds and doses Readmission Non-readmission  Pvalue
(doee per day) (n=23) {n=176)
Dittiazem (long acting type)
200mg §/23 (22%) 87/176 (38%) NS
100mg 3/23 (13%) 32/176 (18%) NS
Diftiazem (short acting type)
240mg 0/23 (O%) 2/176 (1.2%) NS
180mg 1723 (4%) 3/178 (29%) NS
150mg 0/23 (09b) 1/176 (0.8%) NS
120mg 2/23 (8%) 8/176 (5%) NS
80mg 0/23 (0%) 5/176 (3%) NS
60mg 0/23 (0%) 1/176 (0.6%) NS
Nisaldipine
20mg 1/23 (4%) 3/178 (1.7%) NS
16mg 1/23 (4%) 0/178 (0%%) NS
10mg 4/23 (17%) 217176 (126) NS
8mg 0/23 (09) 6/176 (3%) NS
" Nifedipine
80mg 1/23 (4%) 1/176 (0.8%) NS
80mg 0/23 (09%b) 1/178 (0.6%) NS
40mg 0/23 (0%) 2176 {1.29%) NS
20mg 0/23 (0%) 4/176 (2.29%) NS
Benidipine
8mg 0/23 (0%) 2/178 (1.290) NS
Amlodipine
Gmg 0/23 (0%) 2/176 (19%b) NS
25mg 0/23 {09b) 17176 (0.6%) NS
Two CCB compounds 4/23 (17%) 5/178 (3%) 0.0018

Values are numbers of patients.
CCB, calcium channel blocker; NS, not significant.

respectively. In the patients with two compounds of
CCBs, the incidence of the -786T/C polymorphism was
significantly higher in the rcadmission group than in the
non-rcadmission group (£ = (L0O164).

Discussion

Prognosis and readmission in patients with coronary
spasm

As with others, we have previously reported that the
prognosis for coronary-spasm paticnts without coronary
stenosis was relatively good {4,5]. We have also reported
that the intake of CCB, multivessel spasm, and the
scvenity of coronary arterv discase arc all significant
independent predictors of survival for patients without
myocardial infarction [4]. In this study population,
paticnts with significant organic stenosis were excluded.
All the study patients took CCB and/or nitrate during the
follow-up period: there were no cardiac deaths during this
period in chis study. This result is in accordance with
many previous studics. On the other hand, there were 25
study patients (12%) who were rcadmitted owing to
coronary events: 92% of the readmissions were due to a

Patient Age Sex -786T/C Hyper- Cigar- Dia-  Hypercho-

no. geno-  tension  ette betes  lesterole-
type smoking mellitus mia
Non-readmission
1 53 M T - + - -
2 684 M T + + - -
3 (] F T + + - -
4 88 M T - + - -
8 74 F cr - - -
Readmission
[} 40 M crh - + - +
7 66 M crh + - - +
8 67 M cc - + -
9 7% F ch - - -
F, female; M, male.

rcattack of coronary spasm. Sucda & 4/ [6] recently
suggested that 42% of the patients with purc coronary
spastic angina had a reattack of coronary spastic angina
during the administration of CCB. The outcomes in
Sucda’s coronary-spasm patients are in gencral agreement
with our results.

In this study, the readmitted paticnts were significantly
younger than the non-recadmitted patients. We therefore
suggest that the discase-activity level of coronary spastic
angina is higher in vounger patients than in the older
oncs. Younger . patients may be more susceptible to
getting coronary spastic angina as a rcsult of coronary
spasm. Further study is needed to clarify whether there is
a significant difference in the disease activity level of
coronary spasm between younger and older patients.

Readmission and the endothelial nitric oxide synthase
polymorphism

The incidence of rcadmission was significantly higher in
the -786C group than in the -786T group. The -786T/C
polymorphism was significantly associated with rcad-
mission due to coronary arterial events. Multiple logistic
regression analysis revealed that the -786C allele was the
most predictive independent risk factor for rcadmission
in patients with coronary spasm. It is possible that the
-786T/C polymorphism reduces eNOS gene expression in
the coronary artcrial endothelial cells, and thercby
predisposcs the patients to recurrent coronary spasm
even if the patients have taken CCB.

Readmission due to acute myocardial infarction

In this study, there was a patient who had acute
myocardial infarction during the follow-up period. Sig-
nificantly, he had the -786C/C genotype. As this patient
had no coronary stenosis, myocardial infarction was most
probably caused by coronary spasm. Although this patient
had taken CCB, he had an incident of acute myocardial
infarction. Thus, it is suggested that the -786T/C
polymorphism predisposes patients to have myocardial
infarction due to coronary spasm, ¢ven while being
administered CCB.
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