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Fig. 6. IL-18 does not modulate the expression of DR4, DRS, DcR1 and
DcR2 on FLS. Rheumatoid FLS, cultured in the presence or absence of
rTL-15 (20 TU/m1) for 72 h, were detached by adding 0-265 mm EDTA and
reacted with anti-DR4, anti-DR5, anti-D¢R1 or anti-DcR2 at 4°C for 30
min. The cells were incubated further with PE-conjugated antigoat IgG at
4°C for 30 min, and surface expression of DR4, DRS, DcR1 and DcR2 on
FLS was examined by flow cytometer as described in the text. Note that
the expression of DR4, DRS, DeR1 and DcR2 on FLS was not changed
by IL-1B treatment. NC: negative control, stained with goat TgG instead
of first antibody. Numbers are the percentage of positive cells. Results are
representative data from five individual samples.

induced apoptosis in FLS (see Figs 1 and 3). OPG protein con-
centration in rheumatoid synovial fluid reported by other groups
[15,16,23] was much higher than the present data. Factors respon-
sible for the difference are unclear; however, the variation in clin-
ical situations of the subjects and MoAb used might result in the
difference. Recent investigations have shown the elevation of
OPG in rheumatoid synovial fluid, compared with serum consen-
tration [15]; however, other investigators demonstrated a rela-
tively low OPG protein concentration in the rtheumatoid synovial
fluid compared with synovial fluid from osteoarthritis patients
[23]. Further investigation is necessary to clarify the functional
expression of QPG in synovial tissue of RA patients.

TRAIL is thought to be an inhibitor of synovial cell hyper-
plasia as the blockage of TRATL signalling by sDRS5 in type I col-
lagen-induced arthritis in mice exacerbates the proliferation of
synovial cells [24]. Although we have not examined the

expression of other soluble receptor antagonists such as sDR4
and sDRS5 in the culture supernatants of FLS, our present study
indicates that OPG produced by synovial cells acts as an endog-
enous decoy receptor of TRAIL-induced apoptosis, and part of
the growth-promoting activity of IL-18 may be achieved by over-
production of OPG to suppress the biological function of TRAIL,
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Coronary Heart Disease

Plasma Level of B-Type Natriuretic Peptide as é Prognostic
Marker After Acute Myocardial Infarction

A Long-Term Follow-Up Analysis

Satoru Suzuki, MD; Michihiro Yoshimura, MD; Masafumi Nakayama, MD; Yuji Mizuno, MD;
Eisaku Harada, MD; Teruhiko Ito, MD; Shota Nakamura, MD; Koji Abe, MD;
Megumi Yamamuro, MD; Tomohiro Sakamoto, MD; Yoshihiko Saito, MD; Kazuwa Nakao, MD;
Hirofumi Yasue, MD; Hisao Ogawa, MD

Background—Circulating levels of B-type natrivretic peptide (BNP), a cardiac hormone, reflect the severity of cardiac
dysfunction. Because the plasma BNP level changes dramatically during the period after the onset of acute myocardial
infarction (AMI), identification of a suitable sampling time is problematic. There have been several reports indicating
that the plasma BNP level obtained in the acute phase of AMI can be used as a prognostic marker. We examined whether
the plasma BNP level measured 3 to 4 weeks after the onset of AMI represents a reliable prognoestic marker for patients
with AML

Methods and Results—We analyzed 145 consecutive patients with AMI. Plasma BNP levels were measured during the 3
to 4 weeks after onset of AMI. Of those patients, 23 experienced fatal cardiac events during this study. The mean
follow-up period was 58.6 months. Log BNP, left ventricular end-diastolic pressure, and pulmonary vascular resistance
were all significantly higher in the cardiac death group, and there were more men and more patients with 2 history of
heart faijlure in the cardiac death group. A Cox proportional hazards model analysis showed that log BNP was an
independent predictor of cardiac death. The survival rate was significantly higher in patients with log BNP <2.26 (180
pg/mL) than in those with log BNP =2.26.

Conclusions—The plasma BNP level obtained 3 to 4 weeks after the onset of AMI can be used as an independent predictor
of cardiac death in patients with AMI. (Circulation. 2004;110:1387-1391.)

Key Words: natriuretic peptides ® myocardial infarction m prognosis

B -type natriuretic peptide (BNP) is a cardiac hormone that
is secreted mainly from the ventricles; it has many
biological effects, including vasodilation, natriuresis, and
inhibition of both the rennin-angiotensin and sympathetic
nervous systems.-7 BNP is secreted from the failing heart
into the systemic circulation; the plasma level of this peptide
is elevated in patients with heart failure 8-1! The plasma BNP
level has been recognized as a biochemical marker of
ventricular dysfunction.?-15

We previously reported that the plasma BNP level in-
creases rapidly and markedly just after the onset of acute
myocardial infarction (AMI).!*-1¢ The plasma level of BNP
changes dramatically in some patients. The time course of the
plasma BNP level could be divided into 2 patterns after the
onset of AMI: a biphasic pattern with 2 peaks and a
monophasic pattern with 1 peak. There were significantly

more patients with anterior infarction, congestive heart fail-
ure, a higher maximum level of creatine kinase-MB isoen-
zyme, and a lower left ventricular ejection fraction in the
biphasic group than in the monophasic group; this suggests
that the biphasic pattern reflects the degree of left ventricular
dysfunction or the size of the infarct.12

The mechanism for the formation of the first plasma BNP
peak was shown to be due to the genetic characteristics of
BNP: The DNA of BNP has an AT-rich sequence in the
3'-untranslated region, which destabilizes mRNA.1217 For
this reason, BNP is considered to be an acute-phase reactant
in response to acute tissue injuries.!213.1718 Hemodynamic
parameters, as well as some humoral factors such as
interleukin-18, endothelin-1, and angiotensin II, induce se-
cretion of BNP in the early phase of AMI, thus accounting for
the first peak.!31%-22 The mechanisms for the formation of the
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second peak are considered to be related to infarct expansion
and subsequent ventricular remodeling, 1213 :

As mentioned above, the changing pattern of the plasma
BNP level varies according to the cardiac condition after
AML. This raises the possibility that the plasma BNP level
could reflect or predict prognosis after the onset of AML The
changing pattern of the plasma BNP level after the onset of
AMI is dynamic during the first month; therefore, identifica-
tion of a suitable time frame for blood sampling for BNP
measurement is an important issue. To exploit the plasma
BNP level as a clinically useful prognostic marker after AMI
in the future, it wounld be convenient to measure it 3 to 4
weeks after the onset of AML It is generally difficult to target
the timing of the blood sampling to the formation of the
second plasma BNP peak, although this strict time point may
be better as a prognostic marker than the later phase, such as
3 to 4 weeks after the onset. According to our previous study,
the plasma BNP level was still significantly higher in patients
with the biphasic pattern than in those with the monophasic
pattern at 3 to 4 weeks after onset of AML!? which suggests
that sampling at this time would also be valuable for clinical
use. In the present study, we examined whether the plasma
BNP level measured 3 to 4 weeks after the onset of AMI
represents a reliable prognostic marker after AMI by moni-
toring patients with AMI for a long-term period. The present
study began just after the discovery of BNP, and therefore we
were able to monitor the patients for ~5 years on average and
as long as 13 years.

Methods

Study Patients
This stady began in January 1990, just after the discovery of BNP,
and an antibody for BNP was established by our research
group.$2324 The end of the patient recruitment period was in March
1999, The final follow-up date was on May 31, 2003. During this
time period, there were 403 admitted patients with AMI who
underwent cardiac catheterization and in whom we were able to
measure the plasma BNP level 3 to 4 weeks after the onset of AML
We followed up 285 patients and were ultimately able to follow up
145 patients with highly reliable information about their prognosis
from themselves, their families, and/or their affiliated hospitals. The
145 study patients consisted of 106 men and 39 women with a mean
age of 65.1 years (range 31 to 50 years). L
The diagnosis of AMI was made from clinical symptoms, includ-
ing chest pain, ECG changes including ST elevation and ST
depression, and an elevation of serum creatine kinase-MB isoenzyme
1o more than twice the normal upper level. In the present study, we
defined the cardiac death group as patients who died of heart failure
or sudden cardiac death and the non~cardiac-death group as survi-
vors, including patients who died of causes other than cardiac events.
The protocol was in agreement with the guidelines of the ethics
committee at our institution, and written informed consent was
obtained from each patient before they were enrolled in the study.

Cardiac Catheterization

Cardiac catheterization was performed in 145 patients at 3 to 4 weeks
after AMI. A Swan-Ganz catheter was inserted into the femoral or
subclavian vein, and hemodynamic measurements were obtained,
including pulmonary capillary wedge pressure, pulmonary artery
pressure, right atrial pressure, and cardiac output. Cardiac output was
determined in triplicate by the thermodilution technique. Blood
samples that included BNP were obtained from either the femoral or
subclavian vein.
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After the Swan-Ganz catheterization procedure, aortic pressurs
and left ventricular end-diastolic pressure were measured; then,

coronary angiography and left ventriculography were performed.
The left ventricular ejection fraction was determined by left
ventriculography.

Measurement of BNP Plasma Level

The plasma BNP concentration was measured with a specific
radioimmunoassay for human BNP from 1990 to 1993°252¢ and then
a specific immunoradiometric assay for human BNP from 1993 to
1999 (Shicnoria BNP; Shionogi Inc).?” There were no significant
differences in the BNP values obtained by the radicimmunoassay
and immunoradiometric assay methods.?®

Statistical Analysis

Continucus values are expressed as the mean=SD. Statistical sig-
nificance was defined as a probability value <0.05. A Cox propor-
tional hazards regression analysis was performed to identify inde-
pendent predictors of cardiac death by using variables including log
BNP, left ventricular ejection fraction, history of beart failure, heart
rate, male gender, anterior myocardial infarction, ACE inhibitor or
B-blocker use, history of remal dysfunction, age, history of left
ventricular hypertrophy, and revascularization. Because the BNP
plasma level was not normally distributed, we selected log BNP for
analysis. A log BNP cutoff point was selected to define a large
patient group with a low risk of cardiac death. A Kaplan-Meijer
survival curve was used for survival comparisons between patient
groups stratified according to this cutoff point.

Results

Follow-Up Periods

The mean follow-up period was 58.6 months (range 1 to 158
months) for all study patients, with mean follow-up periods of
41.3 months (range 1 to 127 months) for the cardiac death

group and 61.9 months (range 1 to 158 months) for the
non—cardiac-death group.

Prognosis of Patients and Causes of Death

Of the 145 patients, 115 survived and 30 died during the
study period. Of the 30 patients who died, 8 (27%) died of
sudden death, 15 (50%) had heart failure, and 7 (23%) died of
other causes (2 of pneumonia, 2 of lung cancer, 1 of renal cell
carcinoma, 1 of liver dysfunction, and 1 of blood dyscrasia).

Comparisons of Clinical Characteristics,
Hemodynamic Parameters, and Plasma BNP
Levels Between the Cardiac Death Group and the
Non-Cardiac-Death Group

The clinical characteristics and hemodynamic parameters of
the study patients are shown in Tables I and 2. Among all the
patients, 72 (50%) had anterior infarction, and 73 (50%) had
inferior or posterolateral infarction. Eighty-four (60%]) had a
histery of smoking, 48 (35%) had z history of hypertension,
37 (27%) were obese, 62 (45%) had diabetes mellitus, and 57
(41%) had dyslipidemia (Table 1).

The number of male patients and patients with a history
of heart failure was significantly higher in the cardiac
death group than in the non-cardiac-death group. There
were no significant differences for age, anterior myocar-
dial infarction, coronary risk factors, history of left ven-
tricular hypertrophy, history of remal dysfunction, revas-
cularization, or pharmacotherapy between the cardiac
death group and the pon-cardiac-death group (Table 1).
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TABLE 1. Patients’ Characteristics
Non-Cardiac-Death  Cardiac Death
n=122) n=23) P
Age, ¥ 64.7+11.1 66.7£7.9 NS
Male gender 70 (85122} a1 (21/23) 0.03
Anterior MI 47 (57122) 65(15/23) NS
Smoking 60 71119) 65 (13/20) NS
History of hypertension 37 (44119) 20 (4/20) NS
Obesity 28 (33119) 20 (4/20) NS
Diabetes mellitus 46 {55/119) 35 (7/20) NS
History of dyslipidemia 44 (52119) 25 (5/20) NS
History of heart fallure 4 (5117 18 {4/22) 0.015
History of LVH 17 (20117) 5(1/22) NS
History of renal dysfunction 19{19/102) 33(6N18) NS
Revascularization® 53 (62116) 52 (11/21) NS
Pharmacotherapy
ACH 45 (60/111) 45 (8/20) NS
Digitalis 38111 5120 NS
Furasemide 17 (1911Y) 25 {5/20} NS
Spironclactong , 3(3N11) 5(1/20) NS
Calcfum channel blocker 80 (881111} 75 (15/200 NS
Nitrate 59 {63/111) 60 (12/20) NS
B-Blocker 20 22111) 30 (6720 NS

Vahes are percentage {number) of patients or mean=3D. Anterior MI
indicates patients with anterior myocardial infarction; LVH, left ventricutar
hypertrophy.

*Including percutaneous coronary intervention, thrombolytic therapy, and
CABG.

Log BNP was significantly higher in the cardiac death
 group than in the non-cardiac-death group (2.44*0.57
versus 1.91+0.59, P<<0.0001; Table 2).

Univariate and Multivariate Predictors of

Cardiac Death

Table 3 shows the results of univariate and multivariate Cox
proportional hazards model analyses for cardiac death. In the
univariate analysis, log BNP, left ventricular ejection frac-
tion, history of heart failure, heart rate, and male gender were

BNP as a Prognostic Marker After AMI 1389

TABLE 3. Univariate and Multivariate Relations for Prediction
of Gardiac Death

Univariate Mulivariate
' P I'e P
Log BNP 20,06 <0.0001 7.003 0.008
LVEF (%) 7.354 0.007
History of heart failure 7.304 0.007
Heart rate, bpm 4,228 0.040
Mate gender 4,096 0.043
Anterior MI
ACH or S-blocker
History of renal dysfunction
Age, y
History of LVH
Revascularization . .

LVEF indicates jeft ventricular ejection fraction; anterior Mi, patients with
anterior myecardial Infarction; and LVH, left ventricular hypertrophy. -

*Including percutaneous coronary intervention, thrombotytic therapy, and
CABG.

predictive factors. In the multivariate analysis, log BNP was
the only independent predictor of cardiac death.

Kaplan-Meier Survival Analysis

We examined the sensitivity and specificity of vardous cutoff
values of log BNP for predicting survival and created recaiver
operating characteristic curves. The best value of log BNP with
the highest sensitivity and specificity was 2.26, equivalent to a
BNP level of up to 180 pg/mL (Figure 1). Figure 2 shows that
the survival rates were significantly higher in patients with log
BNP <2.26 than in patients with log BNP =2.26,

Discussion
During the follow-up period, 23 patients died of cardiac
death. The plasma BNP level 3 to 4 weeks after the onset of
AMI was significantly higher in the cardiac death group
{n=23) than in the non—cardiac-death group (n=122). We
examined the sensitivity and specificity of various cutoff
values of log BNP for predicting survival. We created

TABLE 2. Hemodynamic Parameters and BNP Levels

Non—Cardiac-Death Cardiac Death
n=122) =23} P
Log BNP 1912059 (814 pyml) 2.44x0.57 277+4py/ml) <0.000t
Hemodyramics
Heart rate, bpm 7113 80x25 NS
Mean blood pressure, mm Hg 97+15 9523 NS
SVR, dyne -5+ cm~® 178652 2208+1039 NS
MR, dme-s-cm3 141£76 223127 0.0280
LVEDP, mm Hg 126 18+5 0.0002
LVEF, % 5617 44+16 0.0064
C, L-min~1-m=? 2.3x05 2808 0.0040

Values are mean=5D. SVR indicates systemic vascular resistance; PVR, pulmonary vascular
resistance; LVEDP, left ventricular end-diastolic pressure; LVEF, left ventricular ejection fraction; and

Cl, cardiac index.
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0.8 Log BNP = 2.26 (180pg/ml)
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Figure 1. Receiver operating characteristic curves of BNP level
for predicting cardiag death. True-positive rates (sensitivity) and
false-positive rates (1-specificity) are plotted for various log BNP
cutof values for predicting cardiac death.

receiver operating characteristic curves and concluded that
the best cutoff value of log BNP was 2.26, equivalent to a
plasma BNP level of 180 pg/mL. The Cox proportional
hazards model analysis showed that plasma BNP level was an
independent predictor of cardiac death. The survival rate was
significantly higher in the patients with log BNP <2.26
(equivalent to a plasma BNP level of up to 180 pg/mL) than
in those with log BNP =2.26. This plasma BNP level for
predicting cardiac events is almost the same as in previous
reports.29-32

The present study began just after the discovery of BNP, and
an antibody for BNP was created by our research group.®=
Thus, we were able to follow up patients for a mean period of
58.6 months for all patients, with mean follow-up periods of
41.3 months for the cardiac death group and 61.9 months for the
non—cardiac-death group, We demonstrated that the plasma
BNP level measured at 3 to 4 weeks after AMI onset was a
significant prognostic marker of AMI in this long-term
follow-up study.

There have been several reports indicating that the plasma
BNP level obtained in the acute phase of AMI can be used asa
prognostic marker for patients with AMI?1-7; however, there are
no reports on sampling at 3 to 4 weeks after the onset of AML
In the present study, we performed BNP sampling at 3 to 4
weeks after AMI onset. Because the changing pattem of the
plasma BNP level in patients with AMI is dynamic,!? the timing

10
3 m BNP < 2.26
3 075 \-—\
1
[ —— p =0.0002
0.5 1 i
E I
2 025 Log BNP 22.26
2 Log BNP 2.26 = 180 pg/m?
(%]
0 50 100 150 200
Months

Figure 2. Kaplan-Meier survival curves of cumulative survival
rates in patients with AM| divided into 2 groups according to log
ENP values. Patients with log BNP 22.26 differed significantly
from patients with log BNP values below this cutoff point.
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of the blood sampling is an important matter. The first peak of
plasma BNP was shown ~20 honrs after AMI onset, and the
second peak was shown at approximately the fifth day afier
onset. Plasma BNP levels in the second peak would reflect the
degree of ventricular remodeling after AMLY We considered
that timing the blood sampling to occur just at the second peak
might be ideal to predict prognosis; however, it is quite difficult
to obtain the blood sample just at the second peak, because the
authentic second peak of plasma BNP varies among patients
with AML Given this background, a sampling point of 3 to 4
weeks after AMI onset appears better, becanse plasma BNP
levels would be quite stable during this phase, as shown in our
previous report.?? The results of the present study revealed that
a sampling time at 3 to 4 weeks after the onset of AMI in
addition to the acute phase would provide prognostic insights, as
previously speculated. 3138

In the present smdy, the number of patients taking ACE
inhibitors (ACEILs) and/or 8-blockers appears to be relatively
low compared with recent studies®®-43; it seems that historical
background plays a role in accounting for this. There were many
patients who participated in the present study around 1995; the
rate of calcium channel blocker prescriptions was very high in
Japan during that time. We prescribed calcium channel blockers
for many patients with AMI, in part because we expected
calcium channe! blockers to prevent coronary arfery spasm,
which commonly occurs in Japanese patients.# Of course, the
vse of ACEIs or B-blockers in addition to calcium channel
blockers is increasing even now in Japan. It has been reported
that ACEIs are useful in the treatment of heart fajlure after
AMI9-42; thus, it would be highly recommended that an ACEY
be prescribed, or that the dose of the ACEI be increased, if the
plasma BNP level is elevated 3 to 4 weeks after the onset of
AML. In addition, an aldosterone antagonist would be useful in
the treatment of AML4 In the present study, baseline medica-
tions, such as ACEIs or S-blockers, were not related to plasma
BNP levels (data not shown) or the prognosis of the study
patients (Table 3).

In our previous report, we stated that the biphasic pattern of
the plasma BNP level indicated poor ventricular function after
AMI, whereas the monophasic pattern did not.!* Plasma BNP
levels at 3 to 4 weeks after AMI onset were higher in the
biphasic pattern than in the monophasic pattern. This observa-
tion and the present data supgest that the biphasic pattem would
indicate a poor prognosis after AML

In the present long-term follow-up study, we found that
plasma levels of BNP measured at 3 to 4 weeks after AMI were
a prognostic marker statistically; however, the sample size was
limited. Thus, it might be necessary to perform analysis on a
larger scale in another series of studies, It is also necessary to
examine how BNP levels at 3 to 4 weeks after the onset of AMI
affect the subsequent treatment, including medical therapies and
implantation of an internal defibrillator.

In conclusion, the plasma BNP level measured 3 to 4 weeks
after the onset of AMI is a significant prognostic marker of AMI,
as determined by this long-term follow-up study.
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Leptin Is a powerful inhibitor of bone formation in vivo. This
antiosteogenic function invelves leptin binding to its receptors on
ventromedial hypothalamic neurons, the autonemous nervous
system and B-adrenergic receptors on ostechlasts, However, the
mechanisms whereby leptin controls the function of ventromediat
hypothalamic antiosteogenic neurons remain unclear. In this study,
we compared the ability of leptin to regulate body weight and
bone mass and show that Jeptin antiosteogenic and anorexigenic
functions are affected by similar amounts of leptin. Using a
knock-in of LacZ in the leptin locus, wa failed to detect any leptin
synthesis in the central nervous system. However, increasing
serum leptin level, even dramatically, reduced bone mass. Con-
versely, reducing serum-free leptin level by overexpressing a
soluble receptor for leptin Increased bone mass. Congruent with
these results, the high bone mass of lipedystrophic mice could be
corrected by restoring serum leptin level, suggesting that leptin is
an adipocyte product both necessary and sutficient to contro} bone
mass. Consistent with the high bone mass phenotype of lipodys-
trophic mice, we observed an advanced bone age, an indirect
reflection of premature bone formation, in lipedystrophic patients.
Taken together, these results indicate that adipocyte-derived cir-
culating leptin is a determinant of bone formation and suggests
that leptin antiosteogenic function is conserved in vertabrates,

growing body of work has established the central role of the

hypothalamus in the regulation of bone formation by os-
teoblasts (1-4). The thrust of this influence i3 exerted by neurons
located in the ventromedial hypothatamus. These neurons are
themselves the target of leptin, which was demonstrated to be a
powerful antiostcogenic hormone (1). Based on chemical le-
sioning, genetic manipulations, and pharmacological experi-
ments, hypothalamic neurons mediating leptin antiosteogenic
and anorexigenic functions counld be distinguished, Moreover,
genetic evidence indicates that, peripherally, the sympathetic
nervous system mediates preferentially leptin antiosteogenic
function (2). Thus leptin uses distinct pathways to regulate bone
mass and body weight.

The discovery of leptin antiosteogenic function was a surprise
for at least two reasons. First, it was not the function for which
leptin was molecularly cloned, and this implied a more pleio-
tropic rele for this hormone than originally anticipated. Second,
and more important physiologically, the high bone mass of leptin
signaling-deficient mice existed despite the presence of an
increasc in bone resorption caused by the hypogenadism of these
mice, This coexistence of hypogonadism and high bone mass is
pivotal to appreciate the physiclogical importance of leptin
antiosteogenic function. Indeed, it established genetically that
leptin signaling plays a dominant role over gonadal function in
the regulation of bone mass and thereby implied that this is a
major function of leptin.

In the present study we addressed several questions raised by
the identification of Ieptin as an antiosteogenic hormone, Spe-
cifically, can we assess in vivo the relative importance of leptin
antiosteogenic and anorexigenic functions, can we determine
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whether the blood circulation is the main, if not the only, mean
whereby leptin regulates bone mass, and, lastly, can we provide
evidence suggesting a conservation of this function during
evolution?

Materials and Methods

Animals, Ob/+ mice were obtained from The Jackson Labora-
tory, Generation of A-ZIP/F-1 and $4P-Leptin transgenic mice
has been reported (5-7). ApoE-leptin transgenic mice were
generated by cloning the mouse Leptin ¢cDNA 3' of the liver
specific Apolipoprotein E promoter and 5' of the liver-specific
enhancer sequence contained in the pLiv7 construct. ApoF-
ObRe mice were generated by inserting the ObRe cDNA of the
ObR gence into pLiv?. ApoE-leptin and Apo£-ObRe mice were
generated on a FVB and C37BL6J background, respectively, and
two independent strains were analyzed for each strain. The
knock-in of nuclear LacZ gene into the Leptin locus was gen-
erated by 1eplacing exon 3 of the leprin coding sequence by the
nuclear lacZ gene fused to the neomycin-resistant gene. Elec-
troporation of embryonic stem (ES) cells, subsequent selection,
injection of positive clones into blastocysts, and implantation
into pseudopregnant females were done according to standard
protocols (8).

Intracerebroventricular {ICV) Infusions. A 28-gauge cannula (Brain
infusion kit 11, Alza) infusing human leptin (Sigma) for 28 days
was implanted info the third ventricle of 2-month-old CS7BLSY
female mice, as described (1). The cannula was connected to an
osmotic pump (Alza) placed in the dorsal s.c. space of the
animal,

5-Brome-4-chloro-3-indolyl B-p-Galactoside (X-Gal) Staining. Ani-
mals were killed at 2 months of age, and the tissues were
dissected in cold PBS. X-Gal staining was done according to
standard protocols (9). Specimens were postfixed in phosphate
buffered formalin for 5 b, debydrated, cleared, and embedded in
paraffin. Specimens were cut at 7 um, and nuclei were stained
with Hoechst reagent.

Leptin-Induced STAT3-luc Reporter Analysis, Recombinant histi-
dine-tagged rObRe was produced in vitre in 203EBNA cells and
purified on a nickel-nitrilotriacetic affinity column (Qiagen,
Valencia, CA) according to the manufacturer’s recommenda-
tions (a detailed procedure is available in Supporting Text, which
is published as supporting information on the PNAS web site),
HEK293 cclls stably expressing ObRb were transfected by Fue
gene reagent (Roche Diagnostics) with a STAT3-Luc leptin-

Abbreviations: (CV, Intracerebroventricular; X-Gal, 5-bromo-a-chloro-3-Indolyl go-
palactoside,
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responsive construct (kindly provided by C. Li, University of
Texas Southwestern, Dallas) and a B-galactosidase reporter
construct for normalization. Recombinant human leptin (0.5
nM, Sigma} and rObRe (5 and 50 nM) were preincubated for 30
min at room temperature before addition to the cells for 3 h.
Luciferase and 8-galactosidase activities were measured accord-
ing to standard protocols (8).

Gel Chromatography. '*I-leptin was used to trace bound and free
leptin from serum after fractionation by FPLC (Amersham
Pharmacia FPLC system) or a High load Superdex 200-16/60
column (Amersham Pharmacia) calibrated by using Bio-Rad gel
filtration standards, A detailed procedure is available in Sup-
porting Text.

Histology. Histological analyses were performed on undecalcified
specimen as described (1). Static and dynamic histomorphomet-
ric analyses were performed according to standard protocols
(10) using the Osteomeasure Analysis System (Osteometrics,
Atlanta). Four to 10 animals were analyzed for each group.
Controls for each group were WT littermates of the same sex,
age, and genetic background. Stafistical significance was as-
sessed by Student’s ¢ test. Results are expressed as mean + SE.

Serum Chemistry, Total leptin serum evels were measured by
using an immunoassay kit from Iinco Diagnostics, following the
- manufacturer’s instructions.

Osseous Age Measurements. Osscous age was rated by a single
radiologist unaware of the patient’s chronological ages on ra-
diographs of left hands and wrists, using the method of Greulich
and Pyle (11).

Results

Comparison of Antlostecgenlc and Anorexlgenle Functions of Leptin,
The existence of 2 high bone mass phenotype in the face of an
increase in bone resorption in leptin signaling-deficient mice
suggests that leptin antiosteogenic activity is a major function of
this hormone. To test this contention in vive we used ICV
infusion of leptin in WT mice as a bicassay. We infused different
amounts of this hormone for 1 month and used body weight and
bone volume as indicators of leptin bicactivity (Fig. 14). As
reported (12), ICV infusion of leptin at § and, to a lesser extent,
4 ng/h significantly decreased body weight, whereas lower leptin
doses failed to affect it significantly (Fig. 1B). ICV infusion of
leptin at 8, 4, and even 2 ng/h significantly reduced bone mass
of WT mice (Fig. 1C). The fact that similar amounts of leptin
were needed to affect body weight and bone mass suggests that
leptin anorexigenic and antiosteogenic functions are of equal
fmportance in vivo. This is consistent with the fact that the
antiosteogenic function of leptin was uncovered in a sitnation
strongly favoring bone loss, not bone gain,

Absence of Leptin Production in the Brain. Different observations
raised the formal hypothesis that serum leptin may not regnlate
bone mass. For instance, it has been difficult to date to correlate
bone density, an indirect assessment of bone mass, and serum
leptin level in humans (13-15). Moreover, leptin antiosteogenic
action was more easily achieved by ICV infusion than by
peripheral injection, and lastly, leptin expression has been
detected by RT-PCR and immunocytochemistry in the mouse
hypothalamus (16), where leptin anticsteogenic neurons reside
(2). Together, these observations suggested the possibility that
leptin was produced locally in the brain and that this Iocal
production was important in understanding leptin antiosteo-
genic function.

To test this hypothesic we first assessed leptin expression in
various parts of the brain and in fat tissue by in site hybridization
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Fig.1. Comparison of leptin antiosteogenic and anorexigenic functions. (4)

Two-month-old C57BLE) females were infused ICV for 28 days with the
indicated amount of leptin, (8) The lowest leptin amount that significantly
decreased body weight was 4 hg/h. (€} The lowest leptin amount that signif-
icantly decreased bone volume over tissue volume (BV/TV, %) was 2 ng/hln=
8; %, P < 0.05; *+, P < 0.005). .

(ISH). Despite several attempts, we failed to detect expression
of Leptin in any brain area investigated at different develop-
mental stages or postnatally, whersas fat tissues constitutively
gave a strong signal (G. Eichele, personal communication). To
rule out the possibility that a low level of Leptin transcripts,
undetectable by ISH, was present in the brain as reported for
other genes (%), we knocked-in the LacZ gene in the Leptin locus
through homologous recombination in ES cells (Fig. 24).
LeptecZiLécZ mice were obese and had a high bone mass phe-
notype (data not shown). Lep?ecZ24¢Z and WT littermates were
analyzed for the presence of B-galactosidase activity in brain and
adipose tissues. Strong X-Gal staining was observed in adipose
tissue of homozygote animals (Fig. 2 C and E), whereas no
staining could be detected in any brain arca analyzed macro-
scopically and histologically (Fig. 2 D and F). Taken together,
these results indicate that Ieptin is not produced locally in the
brain, and thereby imply that circulating leptin must account for
its antiosteogenic function.

Ralsing Serum Leptin Level Decreases Bena Mass. If circulating leptin
affects bone mass, then transgenic mouse models with high
serum leptin level should have a low bone mass. To determine
whether this is the case, we studied two transgenic mouse strains
with different serum leptin levels,

The first strain of mice was generated by using the liver-
specific human serum amyloid P component (SAP) promoter to
drive Leptin ¢cDNA expression in liver (6). As reported, SAP-
leptin transgenic mice had a moderate, ie., 4-fold, increase in
their serum leptin level compared to WT littermates (Fig, 34).
This resulted in a lower body weight and a complete absence of
fat pads (6). Histological examination revealed that SAP-leptin
transgenic mice also displayed a significant decrease in bone
mass when compared to WT littermates, thus suggesting that
serum leptin controls bone mass (Fig. 34). The second leptin
overexpressing mouse model was generated by using the Apo-
lipoprotein E (4poE) promoter and liver-specific enhancer (Fig,
3B). Northern blot analysis verified that the transgene was
strongly expressed in liver (Fig. 3B). Accordingly, serum leptin
level in ApoE-leptin transgenic mice was 200- to 300-fold higher
than what was seen in WT littermates, at all time points anakzed
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Fig.2 Adipose tissue as the only detertable source of leptin. (A} Genomic organization of the Leptin locus and structure of the targeting vector. Probes used
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(Fig. 3 C and D). This marked elevation of serum leptin level in
ApoE-leptin transgenic mice resulted in a complete disappear-
ance of fat pads (Fig. 3B) and in a decrease in food intake (data
not shown), demonstrating that leptin signaling was increased in
these animals, Likewise, we observed a significant decrease in
bone mass in 3- and 6-month-old ApoE-leptin mice, regardless of
the sex of the animals (Fig. 3 C and D). The low bone mass
phenotype observed in ApoE-leptin mice was accompanied by a
reduction in the bone formation rate (Fig. 30). Taken together,
these results demonstrate that increasing serum leptin level, even
to very high levels, results in a reduction of osteoblastic activity
and a subsequent low bone mass.

Reducing Serum-Free Leptin Level Increases Bone Mass. To further
address the role of circulating leptin and to determine whether
free, i.e., unbound, serum leptin is a determinant of bone mass,
we attempted to decrease the level of circulating free leptin by
transgenesis, OBR, the leptin receptor gene, encodes five differ-
ent forms of the leptin receptor through alternative splicing. One
of these forms, ObRe, lacks the transmembrane domain found in
all other isoforms, and therefore behaves as a soluble receptor
for leptin (17). By analogy with other physiological regulatory
loops in bone, we reasoned that ObRe could serve as a decoy
receptor for leptin, This would be reminiscent of the role that
osteoprotegerin plays as a decoy receptor for RANK-L, a critical
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regulator of bone resorption (18). The potency of ObRe to
inhibit leptin signaling was first established in vitro by showing
that recombinant ObRe inhibits the activity of a STAT3-
dependent luciferase reporter construct, induced by leptin treat-
ment of 293 cells expressing the ObRb receptor (Fig. 44). We
then nsed ApoE regulatory elements to overexpress ObRe in
liver and systemically (Fig. 4B). ApoE-ObRe transgenic mice had
a moderate but nonsignificant increase in body weight, fat pad
weight, and bone mass (data not shown). We reasoned that this
relative lack of efficacy of the ObRe transgene could be explained
by a serum leptin level still too high relative to the level of ObRe
expression in ApoE-ObRe transgenic mice, If this was the case,
then transferring the ObRe transgene to mice with a lower leptin
level should uncover any phenotypic abnormalities secondary to
the decrease in circulating free leptin. Serum leptin level is lower
in Ob/+ mice than in WT mice (4.01 % 0.3 ng/ml in Ob/+ mice
vs. 5.7 = 0.1 ng/ml in WT mice, P < 0.05, n = 12 per group).
We therefore crossed them with ApoE-ObRe mice to generate
ApoE-ObRe;Ob/+ mice.

Protein size fractionation through gel filtration indicated that
serum-free leptin level was reduced in ApoE-ObRe;Gb/+ com-
pared to Ob/+ mice. As shown in Fig. 4C, free leptin (fraction
90, 16~17 kDa) was efficiently separated from the bound form
of leptin (fraction 58, 310 kDa). The size of the bound form of
leptin is consistent with leptin binding to dimers of ObRe (19).
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Free leptin fraction represented ~65% of total leptin in the
Ob/+ mouse serum and only 5.4% in ApoE-ObRe:0b/+ mouse
serum. This decrease in circulating free leptin led to a significant
increase in the fat pad weight of these mice (Fig. 4D) and, as
hypothesized, to a significant increase in bone mass compared to
Ob/+ mice (Fig. 4E). These results establish that circulating free
leptin is a determinant of bone mass.

. Leptin, Lipodystrophy, and Bone Mass. We have previously shown

that A-ZIP/FI lipodystrophic mice have a high bone mass
phenotype, indicating that adipocytes are necessary for the
control of bone mass (1}, To test whether leptin is the adipocyte-
derived gene product responsible of this phenotype, we crossed
the 4-ZIP/FI mice with the SAP-Leprin overcxpressing mice and
compared the bone volume of the double transgenic mice to the
onc of A-ZIP/F1 and WT mice. In contrast to A-ZIP/FI mice,
A-ZIP/FL;SAP-Leptin mice had a normal bone mass (Fig. 5),
indicating that leptin is an adipocyte gene product that is both
necessary and sufficient to control bone formation,

The critical role of Ieptin in the contro! of bone mass in mice
raised the question of its role in humans. The high bone mass
phenotype observed in lipodystrophic mice suggested that, if
leptin anticsteogenic function was conserved, Lpodystrophic
patients should have evidence of an increased bone formation.
This is obviously a difficult question to address for several
reasons. First, ethical considerations prevent the collection of
bone biopsies from these patients. Second, there are no weight-
and age-matched controls that can be used in indirect methods
to measure bone density. Because of these limitations, we used
as an indirect but suggestive indicator of bone formation the
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osseous age of prepubertal patients affected by congenital
generalized lipodystrophy. All lipodystrophic patients displayed
low to undetectable circulating levels of leptin (Table 1) and had,
regardless of their sex, a marked advance in bone age, The same
advance in bone age was also observed in a single leptin-deficient
child to whom we had access to {J. Licino, personal communi-
cation). These correlative data are in agreement with what was
observed in lipodystrophic mice, and suggest that serum leptin
in humans alse controls bone homeostasis.

Discussion

Our studies show that leptin is equipotent in the control of body
weight and bone mass and that circulating leptin, at low or high
concentrations, regulates bone mass. Furthermore, available
evidence suggests that this function of leptin is, like its other
functions, conserved between mouse and human.

The fact that leptin antiosteogenic function was uncovered in
animals that have an increased bone resorption was already a
suggestive indijcation that it should be a major function of this
hormone. That leptin antiosteogenic function could be achieved
with a dose similar to the one needed to affect body weight in WT
mice confirms experimentally this contention. This observation,
and others previously reported, suggest that leptin is a general
neurcendocrine regulator of body weight, reproduction and
bone mass (1}. A parallel exists between the pleiotropic func-
tions of leptin and for example the multiple functions of insulin,
Indeed, besides its crucial role in the regnlation of blood glucose
level that led to its identification, it is now evident that insulin
has other important functions, such as regulating life span in
invertebrates and vertebrates (20-22),
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Fig. 4. Decreasing serum free leptin level increases bone mass. (4) Leptin-induced STAT3 reporter activity is decreased by ObRe treatment, (B) Schematic
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WwWT A-ZIPIF1 Several lines of evidence establish that neuronal antiosteo-
genic pathways are controlled by serum leptin level. First, we
fafled to detect Leptin transcripts in the hypothalamus or else-
where in the brain. Second, increasing serum leptin Jeve] de-
creased bone mass. This was true even with an extreme elevation
of serum leptin level, indicating that hypothalamic nevrons
remain sensitive even when serum leptin level is increased
>200-fold. However, the sensitivity of ventromedial hypothala-
mus neurons to leptin must be partially abrogated because
ApoE-leptin mice did not have a lower bone mass than S4P-leptin
mice. In that respect, it should be noted that AY/a mice, which
are resistant to leptin administration, have a decreased expres-
sion of neuropeptide Y (NPY) and Agouti-related peptide
mRNA compared to leptin signaling-deficient mice, indicating

A-ZIP/F1

Leptin 7.6 + 0.1
BY/TV 12.2+09 11.9+ 234

Fig. 5.  Leptin and bone mass in lipodystrophic mice. Expression of the Sap-

23.9+ 1.0%

leptin transgene in the A-ZIP/F1 genetic background inaeased serum leptin
levels {ng/mf} and corrected the high bone mass of A-ZIP/F! mice (n = 4; »,
controls versus A-ZIF/FI, P < 0.05; #, A-ZIP/F1 versus A-ZIP/F1:SAP-leptin,
P < 0.05),
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that, despite the absence of effect on bedy weight, the leptin
signal is still sensed to a certain extent by hypothalamic neurons
in these mice (23, 24). Third, decreasing serum-free leptin level
by overexpressing the leptin-soluble receptor ObRe led to an
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Table 1. Lipodystrophic patients have low to undetectable serum leptin levels and an

advanced bone age

Patient
1 2 3 4 5 6 7 8
Sex M M M F F F F F
Leptin, ng/ml 0.23 ND ND 0.68 1.4 0.22 0.37 0.25
Chronelogical age 60w 50m 17y 19y 30y 40y 80y 13.0y
Bone age 45m t.oy 23y 26y 78y S.by 1Moy 150y

M, male; F, female; ND, not determined; w, weeks; m, months; y, years.

increase in bone mass. Finally this role played by circulating
leptin js important to interpret other data present in the fiter-
ature. For instance, although NPY-deficient mice have no bone
phenotype (25), mice lacking the Y2 or both Y2 and Y4
receptors have a high bone mass phenotype and a marked
decrease in serum leptin level (3, 4),

Interestingly, in terms of bone biclogy, a parallel can be made
between ObRe, which modulates the fupction of leptin, the
major hormonal regulator of bone formation, and osteoprote-
getin, another decoy receptor regulating the activity of
RANK-L, the major regulator of bone resorption (26). These
results suggest that bone formation and bone resorption are
controlled, at least in part, by the interplay of circnlating factors
and decoy receptors.

Several observations suggest that leptin antiosteogenic func-
tion, like its other functions, is conserved during evolution. First,
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lipodystrophic mice have a high bone mass phenotype and, as
shown here, lipodystrophic patients have an advanced bone ags,
an indirect evidence of premature bone formation. Second,
beta-blockers increase bone formation and bone mass in mice
and, in humans, beta-blockers have recently been shown to
reduce the incidence of fracture in osteoporotic patients (27).
Taken together, these observations suggest that leptin antios-
teogenic function has been conserved during evolution.
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and Decherd do not provide robust outcome data
on the procedures they advocate. I consider an av-
erage fee of more than $5,000 for an operation
Jasting several hours to be expensive and profit-
able*

The experience of a mystery shopper who con-
sulted five established plastic surgeons with the
same requests illustrates the lack of consensus
among cosmetic surgeons about optimal thera-
py.2 Both the recommended treatments and their
costs ($2,900 to $14,150) varied greatlyamong the
surgeons. Given the lack of good studies quantify-
ing the benefits and risks of many of the cosmetic
procedures and products that leading plastic sur-

geons now advocate and sell, and given the even
scanter information on individual surgeons' out-
comes, I hope the American Society of Plastic Sur-
geons will take 2 leading role in filling this void in

_the data,

Robert S. Stern, M.D.

Beth israel Deaconess Medical Center
RBoston, MA 02215
rsterr ©bidme.harvard.edu

1. American Society of Plastic Surgeons. (Accessed July 15, 2004,
at  hep:fjwww.plasticsurgery.org/public-education/procedurss/
index.cfm.)

2 Besonen). Does this woman need a facelift? Boston Magazine.
February 2000.

Long-Term Leptin-Replacement Therapy
for Lipoatrophic Diabetes

o THE epitor: Oral etal. reported in 2002 that lep-
tin treatment for a period of four months improved
hyperglycemia and hypertriglyceridemia in nine
female patients with lipodystrophy.* We report the
efficacy of leptin-replacement therapy given for 12
months with the use of the same protocol in two
Japanese patients. Patient 1 was an 11-year-old girl
with acquired generalized lipodystrophy. She was
normal at birth and in her growth. At nine years of
age, cervical lymphangitis and panniculitis devel-
oped. After that, she had systematic fat loss, her
body weight decreased from 38.5 kg to 26.0 kg, and
diabetes emerged within two months. Treatment
with pioglitazone (15 mg per day) for 10 months
did not improve glycemic control. Just before start-
ing leptin-replacement therapy, she had marked hy-
perglycemia (glycosylated hemoglobin, 10.0 per-
cent), hypertriglyceridemia (1941 mg per deciliter),
and severe fatty liver. Patient 2 was a 29-year-old
man with congenital generalized lipodystrophy.
A generalized deficiency of body fat was noticed
from birth, with the enset of diabetes when he was
11 years old. Glyburide (glibenclamide) (2.5 mg per
day) and voglibose (0.6 mg per day) were ineffec-
tive. Just before leptin-replacement therapy was ini-
tiated, his glycosylated hemoglobin level was 10.3
percent. He had neither hypertriglyceridemia nor
fatty liver.

Patients 1 and 2 had extremely low values for
body fat (5.2 percent and 4.7 percent, respectively,
as measured by dual-energy x-ray absorptiometry)

N ENGL ) MED 351;6 WWW.NEJM.ORG AUGUST §, 2004

Downloaded from www.nejm.org at KYOTO UNIV MED LIB on March 28, 2005 .
Copyright © 2004 Massachusetls Medical Society. All rights reserved.
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and plasma leptin concentrations {0.92and 0.82ng
per milliliter, respectively). During leptin-replace-
ment therapy, the serum leptin concentrations in-
creased to 7.9 and 26,7 ng pet mililiter at 4 months
and 5.9 and 35.4 ng per milliliter at 12 months in
Patients 1 and 2, respectively.

Roth patients received leptin as inpatients for the
first four months of therapy. After the initiation
of leptin treatment, fasting plasma glucose levels
normalized (208 mg per deciliter in Patient 1 and
142 mg per deciliter in Patient 2). Without the use
of oral antidiabetic agents, the glucose levels in
both patients were well controlled. The glycosylat-
ed hemoglobin levels were reduced to 4.8 percent
and 6.5 percent, respectively, at four months and
remained below 6.5 percent over a full year (Fig. 1).
The elevated fasting triglyceride level and severe
fatty liver in Patfent 1 normalized (Fig. 1). During

the year of treatment, we observed no adverse ef-
fects of leptin-replacement therapy and no skin re-
actions at the injection sites.

Qur clinical trials in Japan show that leptin-
replacement therapy is highly effective for a full
year in patients with generalized lipodystrophy.
Leptin-replacement therapy appears to be safe and
effective for long-term treatment of lipoatrophic
diabetes.

Ken Ebihara, M.D., Ph.D.
Hiroaki Masuzaki, M.D., Ph.D.
Kazuwa Nakao, M.D., Ph.D.

Kyoto University Graduate School of Medicine
Kyoto 606-3507, Japan
kebihara @kuhp kyoto-u.ac.jp

1. Oral EA, Simha V, Ruiz E, et 2l Leptin-replacement therapy for
lipodystrophy. N Engl ] Med 2002;346:570-8,
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Reduction of diet-induced obesity in transgenic mice
overexpressing uncoupling protein 3 in skeletal muscle
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Abstract

Aims/hypothesis. Tt has been suggested that uncou-
pling protein 3 (UCP3) can increase energy expendi-
ture, thereby regulating body weight. Although stud-
ies on UCP3 knock-out mice suggest that lack of
UCP3 function does not cause obesity or Type 2 dia-
betes, it is possible that up-regulation of UCP3 func-
tion improves these disorders or their clinical se-
quelae. A 10- to 20-fold increase of UCP3 gene
expression is achievable through physiological or
pharmacological stimuli. We examined the pheno-
type of transgenic mice with approximately 18-fold

overexpression of mouse UCP3 mRNA in skeletal

muscle.

Methods. We generated transgenic mice with approxi-
mately 18-fold overexpression of mounse UCP3
mRNA in skeletal muscle under control of the skeletal
muscle-specific muscle creatine kinase gene promoter.
The phenotype of these mice was analysed either on a
standard diet or on a 4-week high-fat diet.

Results. In mice on standard chow, there was no dif-
ference in body weight, oxygen consumption and
mitochondrial protonmotive force between transgenic
mice and non-transgenic littermates. However, trans-
genic mice tended to have lower body weight, in-
creased oxygen consumption and decreased mitochon-
drial protonmotive force than the control mice, Trans-
genic mice on a 4-week high-fat diet consumed much
more oxygen and had noticeably less weight gain and
less epididymal fat, as well as better glucose tolerance
than non-transgenic littermates. '
Conclusions/interpretation. Our study shows that
18-fold overexpression of UCP3 mRNA in the skele-
tal muscle reduced diet-induced obesity. An 18-fold
increase of UCP3 mRNA can be attained by physio-
logical or pharmacological stimuli, suggesting that
UCP3 has therapeutic potential in the treatment of
obesity. [Diabetologia (2004) 47:47-54]
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Uncoupling protein 3 (UCP3), which has been identi-
fied by several groups [1, 2, 3, 4], is reported to be in-
volved in energy metabolism by uncoupling electron
transport from ATP synthesis in mitochondria and is
expressed at high levels in the skeletal muscle [3], an
important organ in glucose and lipid metabolism [5].
Uncoupling protein 3 mRNA is expressed at much
higher Jevels than uncoupling protein 2 (UCP2)
mRNA in the skeletal muscle in vive although accu-
rate comparison is difficult [1, 2, 3, 4]. As uncoupling
protein 1 (UCP1) gene expression is almost undetect-
able in the skeletal muscle [6], UCP3 is considered to
be the most relevant UCP in the skeletal muscle. Sev-
eral studies have reported that UCP3 gene expression
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is up-regulated by triiodothyronine, catecholamines,
fatty acids and peroxisome-proliferator-activated re-
ceptor (PPAR) agonists [4, 7, 8, 9].

It has been snggested that UCP3 is involved in
energy expenditure, possibly leading to regulation of

body weight. In two studies on UCP3 knock-out mice -

[10, 11] there was no difference between UCP3
knock-out and wild-type mice with regard to obesity,
body temperature and serum concentrations of insulin,
glucose, triglycerides and fatty acids. No obvious phe-
notype of UCP3 knock-out mice was observed when
comparing their responses to fasting, exposure to cold,
a high-fat diet and treatment with thyroid hormones
with those of the control mice. This suggests that lack
of UCP3 is not a major determinant of energy expen-
diture and obesity.

Although loss of the UCP3 function does not cause
obesity or Type 2 diabetes, it is still possible that
up-regulation of the UCP3 function improves these
disorders. One study reported that glucose transport
and GLUT4 translocation to the cell surface were in-
creased in L6 myotubes in which UCP3 was overex-
pressed in vitro by adenovirus-mediated gene transfer
[12]. Another study reported that transgenic mice
overexpressing human UCP3 in the skeletal muscle
weighed approximately 30% less than their wild-type
littermates and that these transgenic mice were insu-
lin-sensitive, with lower fasting plasma glucose and
insulin concentrations [13]. These data suggest that
drugs increasing UCP3 could have anti-obesity and/or
antidiabetic effects. However, the levels of UCP3
overexpression in this study were very high (approxi-
mately 66-fold at the mRNA level), and no known
stimulus will increase UCP3 gene expression by that
amount. Several reports noted that UCP3 gene expres-
sion increased by a maximum of 10- to 20-fold in re-
sponse to physiological or pharmacological stimuli in
vivo [14]. We have reported that an agonist for PPARS
increased UCP3 gene expression by approximately
20-fold using L6 myotubes in vitro [15]. In this con-
text we produced transgenic mice that overexpress
mouse UCP3 mRNA in the skeletal muscle by ap-
proximately 18-fold. Furthermore, to explain the ef-
fect of the increased UCP3 on diet-induced obesity,
we examined the phenotype of transgenic mice on
high-fat diet.

Materials and methods

Generation of transgenic mice overexpressing UCP3. Based on
the non-coding sequence of rat UCP3 ¢DNA [3], sense and
antisense primers (sense: 5-CAA AGG AAC CAG GCC ATC
CTC CGG AAC C-3’; antisense: 5’-AA AGT ACC AAG CGG
CCT GCT TGC CTT GT-3") were prepared. Reverse transcrip-
tion-PCR was done using Superscript (Invitrogen, Carlsbad,
Calif., USA) with 10 pg of total RNA from mouse gastrocne-
mius muscle [16]. The PCR products were subcloned and se-
quenced (Accession ID: AB008216) by the didecxy method
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[3). A fusion gene comprising the mouse muscle creatine ki-
nase (MCK) promoter and mouse UCP3 cDNA coding se-
quences was designed to enable UCP3 expression to be target-
ed mainly to the skeletal muscle (Fig. 12) [17). The purified
Hind I-Sac | fragment (10 pg/ml) was microinjected into the
pronucleus of fertilised BDF 1 (DBA2 X C57/B6) mouse eggs
(Japan SLC, Hamamatsu, Japan). The viable eggs were trans-
ferred into the oviducts of pseudopregnant female ICR mice
(Japar CLEA, Osaka, Japan} using standard techniques [18].
Transgenic founder mice were identified by Southem blot
analysis of tail DNAs using the mouse UCP3 cDNA fragment
as a probe [18]. Transgenic mice were used as heterozygotes.
Transgenic mice were back-crossed with C57/B6 mice. Mice
of F4 generation or later were used in this study, Animals were
housed in a temperature-, humidity-, and light-controlled yoom
(temperature: 22+0.5°C, bumidity: 50%, 12-h light, 12-h dark-
ness) with free access to water and food. All experimental pro-
cedures were approved by the Kyoto University Graduate
School of Medicine Committee on Animal Research and car-
ried out in accordance with the Declaration of Helsinki as re-
vised in 2000. The principles of laboratory animal care (NIH
publication no, 835-23, revised 1985); were followed, as well as
any specific national laws.

RNA extraction and northern blot analysis, Total RNA was ex-
tracted from tissmes using Trizol reagent (Invitrogen) as de-
scribed previously [19]. Filters containing 30 pg of total RNA
were prepared. Northern blot analyses were done using cDNA
probes of mouse UCP3 [9]. The density of 185 rRNA stained
with ethidium bromide was used to monitor the amount of total
RNA in each sample.

Western blot analysis. The gastrocneming muscle was removed
and homogenised in ice-cold buffer (50 mmol/l Tris {pH 7.4,

- 150 mmol/1 NaCl, 1% Triton X-100, 1% sodium deoxycholate,

and 0.1% SDS) containing ! mmoll phenylmethlysulfonyl
fluoride, 0.01 mmol/1 leupeptin and 5 pg/ml aprotinin. Homo-
genates were centrifuged and supernatants were used for anal-
ysis of total protein. Mitochondrial fraction was obtained from
gastrocnemius muscle as described previously [20]. Antibody
for rat UCP3, its inhibitory peptide and antibody for human
UCP3 were purchased from Alpha Diagnostic International
(San Antonio, Tex., USA). Total and tmitochondrial protein
were used for SDS-PAGE and western blot analyses using
antibodies for rat UCP3 or human UCP3 [21].

Isolation of mitochondria. Mitochondria were isolated from
gastrocnemius skeletal muscle (n=7) as described previously
[22, 23]. Mice were decapitated before removal of skeletal
muscle, The skeletal muscle was homogenised in buffer con-
taining 250 mmol/l sucrose, 1 mmol/l HEPES and 0.2 mmel/l
EDTA (pH 7.2 with KOH). Fractionation of the homogenate
was achieved by spinning for 10 min at 1500 g and at 4°C.
The supematant was then poured through a 250 pmol/ Nitex
screen (Dynamic Aqua-Supply, British Columbja, Canada) and
re-spun for 14 min at 16 000 g and at 4 C to obtain a mito-
chondrial pellet. The pellet was re-suspended on ice in 175 pl
of suspension medium containing 120 mmol/1 K€, 20 mmol/1
sucrose, 3 mmol/l HEPES, 2 mmol1 MgCl,, 2 mmcl/l EGTA
and 0.5% BSA. (pH 7.2 with KOH). Stock 9% BSA was defat-
ted by the Chen method [24] and dialysed against 153 mmol/l
NaCl and 11 mmoll KCI. The protein concentration of the
mitochondrial suspension was assayed by the modified Lowry
method using BSA as the reference standard.

Measurement of mitochondrial oxygen consumption and mito-
chondrial protonmotive force (Ap). Mitochondrial suspensions
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Fig. 1a—e. Generation of transgenic mice overexpressing
UCP3. Schematic representation {a} of the mouse creatine
kinase promoter and mouse UCP3 fusion gene. The coding
region of mouse UCP3 ¢DNA is denoted by the closed box.
Northern blot analysis (b) of transgene expression in the gas-
trocnemius muscle from 8-week-0ld transgenic mice of Line A
and Line B, and UCP3 mRNA expressicn in the gastrocnemius
muscle from 8-week-old non-transgenic littermates. Total
RNA analysed: 30 pg. Tg, transgenic mice; non Tg, non-trans-
genic littermates. The bar graph (¢) shows quantitative analysis
of UCP3 mRNA expression. Levels of UCP3 mRNA expres-
sion increased approximately 18-fold in transgenic mice Line
A in comparison with the non-transgenic littermates. Data are
expressed as means + SE (n=5). Western blot analysis (d) us-
ing antirat UCP3 antibody. Amounts analysed were; 100 pg of
total protein and 600 ng of protein from mitochondrial frac-
tion. No added peptide or inhibitory peptide (to which the anti-
body was raised) was included during the first antibedy incu-
bation. Western blot analysis (e) using human UCP3 antibody.
Amounts analysed were: 100 pg of total protein and 660 ng of
protein from mitochondrial fraction
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{0.5 mg protein/ml) were placed in the incubation chamber (in-
cubation temperature: 37°C) and magnetically stirred. Succi-
nate-driven respiration was assessed by nsing 5 pmol/] roten-
one to block complex 1 and 0.4 pg nigericin to assess total pro-
tonmotive force through measurements of membrane potential.
State 4 respiration (maximum non-phosphorylating or leak-
dependent respiration) was measured in the presence of sam-
rating amounts of the ATP synthasc inhibitor, oligomyein
(10 pg/mg protein). Mitochondrial proton leak kinetics were
assessed by adding malonate in increments (0.3 mmol to
3.6 mmol/l). The respiration rate of muscle mitochondra was
measured using a Clark-type oxygen electrode (Hansatech,
Norfolk, UK) [22]. Protonmotive force was measured using a
methyltriphenylphosphonium-sensitive electrode as described
previously [22].

Measurements of body weight and cumulative food intake,
Body weight was measured daily, beginning at 4 weeks of age.
Food intake was measured daily over a I-week peried at the
age of 26 weeks, It was measured in male mice, which were
maintained in individual metabolic cages.

Measurement of oxygen consumption. The gas analyser used to
assess the metabolic rate consisted of six acrylic metabolic
chambers, CO, and O, analysers (RL-600, AlcoSystem, Tokyo,
Japan), and a switching system (ANIS-A-S, AlcoSystem) to
sample gas from each metabolic chamber. Each metabolic
chamber had 125.4 em? floor space and was 6.5 ¢m in hejght.
Oxygen consumption was calculated by measuring the O, and
CO,; concentrations of each chamber [25].

Glucose and insulin tolerance tests. For the glucose tolerance
test 20-week-old transgenic mice and their non-transgenic lit-
termates were ftreated with an intraperitoneal injection of
2.0 mg/g glucose after an overnight fast [18]. For the insulin
tolerance test, mice were injected intraperitoneally with
0.5 mU/g human regular insulin (Novelin R, Novo Nordisk,
Bagsvard, Denmark) [18]. Blood samples were taken from the
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mouse (ail vein before and 30, 60 and 90 min after the injec-
tion. Plasma glucose concentrations were measured by the glu-
cose oxidase method with a reflectance glucometer (One
Touch II, Lifescan, Milpitas, Calif,, USA).

High-fat diet study. To examine the effect of UCP3 overexpres-
sion on diet-induced obesity, UCP3 transgenic mice and non-
transgenic littermates were fed a high-fat diet for 4 weeks from
24 weeks of age. The high-fat diet was produced by Oriental
Bioservice (Kyoto, Japan) [26]. Its fat content was 23%,
_whereas that of standard chow was 7%.

Histology. We did histological examinations of skeletal mus-
cle, white and brown adipose tissues, heart, liver, and pancreas.
This was done by light microseopy, using 5-um-thick sections
from 10% buffered, formalin-fixed, paraffin-embedded speci-
mens which were stained with hematoxylin and eosin [18]).

Measurement of plasma concentrations of glucose, triglyce-
ride, fatty acids, cholesterol and insulin. Blood samples were
taken from the retro-orbital sinus of mice at 9:00 hours after
overnight fasting or at 14:00 hours. Plasma glucose, triglyce-
ride, and insulin eoncentrations were measured by the glucose
oxidase method with a reflectance glucometer, the enzymatic
kit (Wako Pure Chemical, Osaka, Japan) and by RIA with
mouse insulin standards (Morinaga BioLab, Yokohama, Japan),
respectively [18].

Statistical analysis. Data were expressed as means + SE. Sta-
tistical significance was tested by one-way ANOVA. If F was
found to be significant, the Student’s ¢ test was used to test
individual differences. A p value of less than 0.05 was con-
sidered statistically significant.

Results

Generation of transgenic mice overexpressing UCP3.
A fusion gene comprising the mouse MCK promoter
and mouse UCP3 cDNA coding sequence was de-
signed to enable UCP3 expression to be targeted to the
skeletal muscle (Fig. 1a). Several transgenic lines with
different copy numbers of the transgene were ob-
tained. With the mouse UCP3 ¢DNA probe, northern
blot analysis showed that an mRNA species of 2.4 kb
in size, which was expected from the fusion gene of
MCK promoter and mouse UCP3 cDNA, was ex-
pressed abundantly in the skeletal muscle from several
lines of the transgenic mice (Fig. 1b). The highest
UCP3 mRNA levels were obtained in Line A of the
transgenic lines and were approximately 18-fold high-
er than in non-transgenic littermates (Fig. 1b,c). The
second highest mRNA levels were approximately
15-fold higher (Line B; Fig. 1b).

Western blot analysis of protein expression in the
skeletal muscle of these two lines detected multiple
bands, separated by electrophoresis, of total protein
extracted from the skeletal muscle (Fig. 1d). When
protein of mitochondrial fraction was electrophoresed,
antirat UCP3 antibody detected, as expected from the
molecular mass of mouse UCP3, a single band near
34 M, (Fig. 1d). This band at 34 M, disappeared when
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Fig. 2a, b, Quantification of UCP3 protein in mitochondria
from skeletal muscle of transgenic mice. Representative result
of western blot analysis (a) using antirat UCP3 antibody. Line
A transgenic mice were examined. Various amounts of protein
from mitochondria were analysed. The density of bands of
600 ng of protein from UCP3 transgenic mice was nearly equal
to that of 10 pg of protein from non-transgenic littermates. The
bar graph (b) shows quantitative analysis of UCP3 protein,
which increased approximately 15-fold in transgenic mice as
compared with non-transgenic littermates. Data are expressed
as means + SE (#=5)

inbibitory peptide was simultaneously incubated
(Fig. 1d). Similar results were obtained using anti-
human UCP3 antibody (Fig. 1e).

To quantify UCP3 concentrations in the skeletal
muscle of fransgenic mice, we examined transgenic
mice of Line A. Western blot analyses were done us-
ing various amounts of protein from skeletal muscle
mitochondria. Figure 2a is a representative result. It
shows that the density of bands of 600 ng of protein
from a UCP3 transgenic mouse was nearly equivalent
to that of 10 pg of protein from a non-transgenic litter-
mate. UCP3 protein was approximately 15 times
higher in transgenic mice than in nontrasgenic litter-
mates (n=5; Fig. 2b), As the MCK promoter also in-
duces gene expression in the cardiac muscle, we ex-
amined the UCP3 gene expression there, finding that
UCP3 mRNA levels were slightly higher in the cardi-
ac muscle of Line A and Line B than in those of non-
transgenic littermates. In Line A and Line B, UCP3
mRNA levels in the cardiac muscle were less than 1%
of those in the skeletal muscle. UCP3 protein levels
were not detected in the cardiac muscle either of
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Fig. 3. Kinetic response of the proton leak to protonmotive
force in mitochondria isolated from hindlimb muscle of UCP3
transgenic mice (A) and non-transgenjc littermates () (n=7,
each), State 4 respiration was established using a saturating
concentration of oligomycin (10 pg/mg protein). Subsequent
additions of malonate (0.3 mmol/ to 3.6 mmeol/l) provided the
overall kinetics of the proton leak reactions, Data are ex-
pressed as means 1 SE. Statistical significance was determined
by Student’s ¢ test. A p value of less than (1.05 was considered
statistically significant

fransgenic mice or of non-transgenic littermates,
UCP3 mRNA levels in the brown adipose tissue of
transgenic mice were not significantly different from
those of non-transgenic littermates (107+£12% in Line
A and 1124+9% in Line B, p>0.05). Northern blot anal-
ysis with 30 pg of total RNA failed to detect any band
of UCP3 mRNA in tissues of transgenic mice other
than skeletal muscle, cardiac muscle and brown adi-
pose tissue. The transgenic mice of both lines were
fertile, and viable throughout adulthood with no ap-
preciable complications. All these results were ob-
served in transgenic mice of each sex.

Mitochondrial proton leak. The kinetic response curve
for the proton leak reactions showed trends towards
increased mitochondrial oxygen consumption over a
range of values for Ap (Fig. 3). The absolute values for
oxygen consumption and Ap at State 4 (the point on
each curve at the furthermost point on the right) were
not statistically different between groups (Fig. 3).
However, UCP3 transgenic mice tended to have higher
State 4 oxygen consumption than the non-transgenic
littermates (202.9#10.1 nmol O, mg™! min! vs
193.1£7.1 nmol O, mg~! min-1, p=0.3). UCP3 trans-
genic mice also tended to have a lower State 4 Ap
value (196.5+2.2 mV for transgenic mice vs 201.3+
4.1 mV for non-transgenic littermates, p=0.2).

Phenotype of UCP3 transgenic wmice on standard
chow diet. In transgenic mice and non-transgenic lit-
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Fig. 4. Changes in body weight of male transgenic mice and
non-transgenic littermates on standard chow and on high-fat
diets. UCP3 transgenic mice and non-transgenic littermates
were fed a standard chow diet for the first 24 weeks (1=22 o
25). For the following 4 weeks, some were fed a high-fat diet
(n=7 to 9), while others continued on the standard chow diet
(n=16 10 17). Data are expressed as means x SE. *p<0.05 vs
non-transgenic littermates on high-fat diet

termates on a standard chow diet no significant differ-
ence in body weight was observed, although the trans-
genic mice fended to be lighter (27.6+0.6 g vs
29.9+0.6 g at 21 weeks, p=0.07; Fig. 4). No differ-
ences in food intake (2.8+0.1 g/day vs 2.7+0.1 g/day,
p>0.05), oxygen consumption (46.1x2.6 ml kg-! min-!
vs 41.3+1.1 ml kg-! min-1, p>0.05), rectal tempera-
ture (36.1£0.6 C vs 35.9+0.5°C, p>0.05) and histolog-
ical analysis were observed between transgenic and
non-transgenic littermates, No significant differences
were noted in serum concentrations of glucose, insu-
lin, cholesterol, triglyceride and fatty acids, although
these tended to be lower in transgenic mice than in
non-transgenic littermates (Table 1). In glucose and
insulin tolerance tests on 28-week-old transgenic mice
and non-transgenic littermates no significant differ-
ences were noted (Fig. 5a, Fig. 6a). As the phenotype
described above was noted in transgenic mice of Line
A and Line B, we used Line A, the line expressing the
highest levels of UCP3, for further examination,

Body weight of transgenic mice on high-fat diet. One
week after beginning the high-fat diet, the transgenic
mice were approximately 10% less obese than the
non-transgenic littermates (28.320.6 g vs 31.620.8 g,
p<0.05; Fig. 4). After 4 weeks of a high-fat diet, the
transgenic mice were approximately 149% less obese
than the non-transgenic littermates (32.4+1.3 g vs
37.5£1.3 g, p<0.03; Fig. 4). Body weight gain for this
4-week period was nearly 49% less in transgenic mice
than in npon-transgenic littermates (4.4x1.1 g vs
8.620.8 g, p<0.05). The weight of the epidydimal fat
pad was approximately 20% lower in transgenic mice
than in non-transgenic littermates after the 4-week



