{2001} studied four heterozygous missense mutations
in exon 6 of TRPSI in eight individuals with TRP'S
from seven different families. They included patients
reported by Kajii [1994; also described by Sugio and
Kajii, 19841, Nagai et al. [1994], and Vilain et al. [1999],
and those from the Netherlands, Germany, Belgium,
and Turkey. In addition, they found a heterozygous
2681T — A missense mutation in a 12-year-old boy with
a phenotype compatible with TRPS HOI. His mother,
however, had the same heterozygous mutation and a
TRPS 1 phenotype. The G— A conversion at nt 2723 in
the present woman has been found in a boy from the
Netherlands (ID 5874) and in a girl from Germany (ID
7795). Nucleotide 2723 was also affected in a family
reportéd by Nagai et al. [1994]. It seems that nt 2723 is
a mutation hot spot for TRPS IIL.

In conclusion, we identified a missense mutation of
TRPS1 in a new Japanese family of TRPS JII. Data of
this study support and reinforce the recent finding that
TRPS 111 results from missense mutations in exon 6 of
TRPS1 [Lidecke et al., 2001].
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Abstract

Leptin is a major adipocyte-derived hormone that is involved in the regulation of food intake and energy expenditure. Plasma leptin
concentrations are elevated in obese subjects, suggesting its pathophysiological role in obesity-related lifestyle-related diseases. We have
recently succeeded in the generation of transgenic skinny mice overexpressing leptin. They exhibit increased glucose metabolism and insulin
sensitivity accompanied by a significant increase in insulin signaling for glucose utilization in the skeletal omscle and liver. They also show
blood pressure elevation through the sympathetic activation. Introduction of the lethal yellow agouti (#) allele into transgenic skinny mice
results in late-onset obesity and diabetes with blood pressure elevation similar to those found in nontransgenic agouti mice (4/+ mice). After
caloric restriction, blood pressure elevation is reversed but insulin resistance still remains in #*/+ mice in parallel with a reduction of plasma
leptin concentrations. By contrast, blood pressure elevation is sustained but insulin resistance is reversed in transgenic mice overexpressing
leptin with the 4” allele (Tg/+#'/+ mice), which remain hyperleptinemic. Collectively, our data suggest the pathophysiologic and therapeutic

implication of leptin in obesity-related insulin resistance and hypertension. © 2002 Elsevier Science Inc. All rights reserved.

Keywords: Leptin; Transgenic skinny mice; Diabetes; Hypertension

1. Introduction

Obesity is defined as increased mass of adipose tissue
and confers a higher risk of cardiovascular and metabolic
lifestyle-related diseases such as diabetes, hypertension,
and hyperlipidemia (Spiegelman & Flier, 1996). The
adipose tissue has been regarded as a triglyceride storage
organ, but recent advances in molecular and cell biology
have revealed that the adipose tissue is involved in the
regulation of a variety of homeostatic processes as an
important endocrine organ that secretes many biologically
active substances such as tumor necrosis factor-c, free
fatty acids, and so forth {Spiegelman & Flier, 1996). .

Leptin is such an adipocyte-derived hormone that brings
about decreased food intike and increased energy expend-
imre (Fig. 1), thereby representing one of the defense
mechanisms against the development of overweight or
obesity (Friedman & Halaas, 1996). Accordingly, the poten-

* Comesponding author, Tel.: +81-75-751-3173; fax: +81-75-771-9452.
E-mail address: ogawa@kuhp-kyoto-w.acjp (Y. Ogawa).

tial usefulness of leptin for treatment of obesity and obesity-
related diseases has attracted the interest of many clinical
investigators. Numerous studies have demonstrated that
plasma leptin concentrations are elevated in obese subjects
in proportion to the degree of adiposity (Considine et al.,
1996), suggesting the state of impaired leptin action or leptin
resistance. On the other hand, it is speculated, although
paradoxically, that hyperleptinemia may play a role in the
pathogenesis of obesity and obesity-related complications.
In an attempt to assess the role of chronic hyperleptinemia in
vivo, we have recently created transgenic skinny mice with
elevated plasma leptin concentrations comparable to those
found in markedly obese subjects (Ogawa et al., 1999). In
this article, we discuss the possible pathophysiological role
of leptin leamed from transgenic skinny mice.

2. Transgenic skinny mice overexpressing leptin

We constructed a fusion gene comprising the human
serum amyloid component promoter and mouse leptin

1056-8727/02/% - see front matter © 2002 Elsevier Science Inc. All rights reserved.
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Fig. 1. Leptin as an adipocyte-derived circulating satiety factor that

" regulates food intake and energy expenditure.

¢DNA coding sequences so that the hormone expression
might be targeted to the liver (Ogawa et al,, 1999). Plasma
leptin concentrations are elevated in transgenic mice accord-
ing to the copy numbers of the transgene incorporated, and
have reached up to approximately 50 ng/ml in transgenic
mice with 30 copies of the transgene. Food intake and body
weight of transgenic mice are approximately 70% of those
of nontransgenic littermates. They are apparently devoid of
white and brown adipose tissue (Fig. 2). We, therefore, call
these animals transgenic “skinny” mice. The animals have
proved to be the useful model system to investigate the
functional role of chronic hyperteptinemia in vivo (Aizawa-
Abe et al, 2000; Masuzaki et al., 1999; Matsuoka et al.,
2001; Ogawa et al,, 1999; Yura et al, 2000).

3. Glucose metabolism in transgenic skinny mice

Evidence has accumulated indicating that leptin is
involved in the regulation of glucose metabolism, thus
suggesting the pathophysiological role of leptin in insulin
resistance and diabetes. Transgenic skinny mice exhibit
normoglycemia despite hypoinsulinemia relative to non-
transgenic littermates {Ogawa et al., 1999). Glucose and
insulin tolerance tests have revealed increased glucose
metabolism and insulin sensitivity accompanied by
increased insulin signaling in the skeletal muscle and
liver (Fig. 2). These findings suggest that leptin might be
an antidiabetic factor, Transgenic skinny mice, when treated
with storeptozotocin (STZ), develop insulin-deficient dia-
betes similar to that in nontransgenic littermates. In response
to a low dose of insulin that does not normalize diabetes in
STZ-treated nontransgenic littermates, transgenic skinny
mice with STZ-induced diabetes show a remarkable
improvement of glucose metabolism. These observations
suggest the potentia! usefulness of coadministration of leptin
and insulin for treatment of insulin-deficient diabetes.
Recently, we have crossed transgenic skinny mice and a
mouse model of lipoatrophic diabetes (A-ZIP/F-1 mice)
(Moitra et al,, 1998) and demonstrated that chronic hyper-
leptinemia can rescue insulin resistance and diabetes in
lipoatrophic diabetes on a long-term basis. Collectively,
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our data suggest the usefulness of leptin for treatment of
diabetes of various causes.

4. Blood pressure elevation in transgenic skinny mice

Leptin is known to increase energy expenditure
through the activation of sympathetic nervous system.
Transgenic skinny mice show increased urinary catechol-
amine excretion relative to nontransgenic littermates,
suggesting chronic sympathetic activation (Aizawa-Abe
et al., 2000). They exhibit 10—15 mm Hg blood pressure
elevation relative to nontransgenic littermates (Fig. 2).
Blood pressure elevation is normalized in transgenic
skinny mice treated with a-adrenoceptor, f-adrenoceptor,
and sympathetic ganglionic blockers that do not affect
blood pressure in nontransgenic littermates. These find-
ings suggest that chronic hyperleptinemia can increase
blood pressure through the sympathetic activation
(Aizawa-Abe et al, 2000). 1t has been proposed that
insulin resistance or hyperinsulinemia sccondary to it
may play a role in the pathogenesis of obesity-related
hypertension (Landberg & Krieger, 1989). Our data sug-
gest that chronic hyperleptinemia can cause blood pres-
sure elevation through sympathetic activation without
insulin resistance and hyperinsulinemia. Thus, leptin
may be involved in the pathogenesis of obesity-related
hypertension via insulin-independent mechanisms.

5, Pathophysiological implication of leptin in
caloric restriction

Weight reduction is one of the most powerful strategies
for treatment of obesity and obesity-related complications
such as obesity-related insulin-resistant diabetes and hyper-
tension. However, molecular mechanisms responsible for it
arc poorly understood. Plasma leptin concentrations are
reduced during caloric restriction or body weight loss,

)
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Fig. 2. Cardiovascular and metabolic phenotypes of transgenic skinny mice
overexpressing leptin.
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suggesting that leptin deficiency may play a role in the
metabolic response to caloric restriction (Ahima et al,,
1996). As a first step toward understanding the therapeutic
implication of leptin in obesity-related insulin-resistant
diabetes, we have crossed transgenic skinny mice (Tg/+)
and KK4& (4£/+) mice, a well-established model of late-
onset obesity and Type 2 diabetes (Masuzaki et al., 1999).
The double transgenic mice (Tg/:A4/+ mice) are of normal
weight with increased insulin sensitivity at younger ages. At
older ages, however, they are phenotypically indistinguish-
able from A4”/+ mice; they both develop obesity, insulin-
resistant diabetes, and blood pressure elevation similar to
those in 4/ mice (Masuzaki et al., 1999). During caloric
restriction, 4#”/+ mice show hypoleptinemia in parallel with
body weight reduction. However, in response to caloric
restriction, Tg/:4"/+ mice remain to be hyperleptinemic
despite body weight reduction, because of constitutive
expression of the transgene in the liver. These observations
suggest that Tg/+#/+ mice are the unique experimental
model to investigate the role of hypoleptinemia during
caloric restriction (Masuzaki et al., 1999).

To assess the pathophysiological and therapeutic impli-
cations of leptin, we examined cardiovascular and metabolic
responses of Tg/+:4"/+ mice to caloric restriction (Fig. 3). In
response to caloric restriction, both £/+ and Tg/+.£{+ mice
lose weight with the normalization of plasma glucose
concentrations (Aizawa-Abe et al, 2000; Masuzaki ot al.,
1999). However, insulin resistance remains in TgH- A+
mice in parallel with a decrease in plasma leptin concen-
trations. By contrast, insulin resistance is reversed in TgH+
and Tg/+:4”/+ mice after caloric restriction (Masuzaki et al,,
1999). These observations suggest that weight reduction in
combination with leptin supplementation is more efficacious
than weight reduction alone for treatment of obesity-related
insulin resistance and diabetes.

We also examined blood pressure change in 4/+ and
Tg/+.A/+ mice during caloric restriction. Blood pressure
elevation is reversed in 4”/+ mice after caloric restriction
(Fig. 3). By contrast, Tg/+:.4£/+ mice are still hypertensive
afler caloric restriction (Aizawa-Abe et al, 2000). It is
likely that leptin deficiency may reverse the sympathetic

Before

Calorlc Restriction — | After

@ BWYE, Leptint
@ Increased insulin sensitivity
® Blood pressure §

Fig. 3. Cardiovascutar and metabolic responses of £+ and Tg/+.A"/+ mice
to caloric restriction.
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activation, thus contributing to blood pressure reduction
after caloric restriction.

6. Conclusion

Leptin is a major adipocyte-derived hormone with
multiple regulatory potentials and may be involved in the
pathogenesis of lifestyle-retated diseases. With its pleio-
tropic effect, leptin should be relevant from both patho-
physiologic and therapeutic viewpoints. Our transgenic
skinny mice overexpressing leptin have provided new
insight into the pathophysiology of obesity-associated life-
style-related diseases.
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SUMMARY

Leptin, which is secreted by adipocytes, the placenta and the stomach, not only controls appetite
through leptin receptors in the hypothalamus but also regulates cell-mediated immunity. In this study
we have demonstrated that continuous injection of leptin prevents the reduction in lymphocyte
aumbers normally observed in fasted and steroid-injected mice. Consistent with leptin-induced pro-
tection, we observed up-regulation of the bel-xl. gene as a result of signal transduction via leptin recep-
tors on lymphocytes. We suggest that leptin might contribute to the recovery of immune suppression
in malnourished mice by inhibiting lymphocyte apoptosis,

Keywords apoptosis bcl-xL.  corticosteroid leptin

INTRODUCTION

Nutritional status and immune function are closely related [1-3}.
Food deprivation leads to impaired immune respopses and an
increase in the incidence of infectious disease, although the mech-
anism by which this occurs has yet to be elucidated. Adipose
tissue preserves energy homeostasis through the storage of
triglycerides. However, it has been found recently that a number
of cytokine-like molecules, such as leptin [4], tumour necrosis
factor-o (TNF-0)) [5] and plasminogen activator inhibitor-1 (PAI-
1) [6] are secreted from adipocytes, suggesting that adipose tissue
may also play a role in the regulation of the immune and
haematopoietic systemms.

Leptin is secreted specifically by adipocytes [4], and serum
leptin levels are proportional to body mass index. However, the
placenta [7] and stomach [8) provide additional sources of leptin.
Leptin decreases food intake, increases energy expenditure and
reduces body weight via leptin receptors within the ventromedial
hypothalamus [9), where leptin functions to inhibit the produc-
ticn of neuropeptide Y which stimulates food intake [10]. The
murine leptin and leptin-receptor mutants ob/ob and db/db,
respectively, serve as animal models of obesity, and develop
marked obesity and diabetes due to deficiencies in leptin stg-
nalling {11). In contrast, leptin transgenic mice with elevated
plasma leptin concentrations lack brown or white adipose tissue,
show reduced food intake, and are markedly lean in comparison
with pon-transgenic littermates [12].

Correspondence: Yoshimasa Fujita, Department of Medicine and
Clinical Science, Kyoto University Graduate School of Medicine, 54
Shogoin-Kawahara-cho, Sakyo-ka, Kyoto 606-8507, Japan.

E-mail: 575@kuhp.kyoto-u.acjp
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The leptin receptor is expressed in peripheral tissues such as
the kidney, lung and adrenal gland [13,14], and several in vitro
studies have demonstrated that leptin acts directly on the leptin
receptor [13,16]. There arc at least five splice variants of the leptin
receptor Ob-Ra-Ob-Re, and one of these five variants, Ob-Rb,
possesses a long intracellular domain demonstrating homology
with gp130, a subunit of the 1L.-6 family of cytokine receptors [17].
On the otber hand, Ob-Ra, one of the shortest forms of the leptin
receptor, lacks the STAT3 activation domain and is not con-
sidered essential for signal transduction [18].

Recent studies have revealed that Ob-Rb is expressed in fetal
liver haematopoietic precursor cells, bone marrow and peripheral
T cells [14,19]. In adult human bone marrow, both CD34 positive
and negative cells express leptin receptor. These findings suggest
the possibility that leptin not only regulates body weight, but
also modulates the immune system. Indeed, leptin increases the
proliferation of haematopoietic stem cell populations at the
multilineage progenitor level [18), enhances alloproliferative
mixed-lymphocyte reactions, and reverses cellular immune func-
tion in fasted mice [20). In addition, leptin might act as a growth
factor for both myeloid leukaemic cells [21] and lung cancer cells
[22]. In addition, human white blood cell counts are correlated
with body mass index and serum leptin levels [23]. Moreover,
diminished cell-mediated immunity and decreased lymphocyte
counts have been reported in ob/ob and db/db mice [24,25).

We demonstrate here that leptin receptor messenger RNA
is expressed in lymphoid tissue, and that leptin both restores
the decrease in lymphocyte numbers normally observed in
fasted mice and prevents apoptosis of lymphocytes in steroid-
injected mice. Consistent with the observed anti-apoptotic effect
of leptin, we observed up-regulation of the bel-xE gene by leptin.
We supgest that leptin may contribute to recovery of immune

21
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suppression in malnourished mice by inhibiting iymphocyte
apoptosis.

MATERIALS AND METHODS

Mice and reagenis

Female C37BL/6 mice (6 weeks old) and CS7BL/Ks dbldb (6
weeks old) were purchased from SLC (Kyoto, Japan) and CLEA
(Tokyo, Japan), respectively. Leptin transgenic mice were bred in
our laboratory {12]. Recombinant mouse leptin was purchased
from R&D Systems (Minneapolis, USA). Hydrocortisone phos-
phate was purchased from Banya Pharmacentical Co. (Tokyo,
Japan). All monoclonal antibodies (MoAbs), including hamster
anti-CD3 MoAb (2C11), antimouse bcl-2 MoAb and rat anti-
mouse bcl-x MoAb, were purchased from Becton-Dickinson
(Franklin Lakes, USA). N-acetylsphingosine {C2-ceramide) was
purchased from Sigma Aldrich Japan {Tokyo, Japan).

RT-PCR
Total RNA was extracted from celis using TRIzol® reagent
(GBCO/BRL, Rockville, USA). Five micrograms of total RNA
was reverse-transcribed and PCR was performed using specific
Ob-Ra and Ob-Rb primers [13].

Fasting and steroid injection experiments

Mice were kept without food for 60h, with repeated intraperi-
toneal injection of 0, 1 or 10ugfg initial mouse body weight of
feptin in 2 solution of phosphate buffered saline (PBS) every
12h. In a second experiment, 200 pg/g mouse body weight of
bydrecortisone phosphate was administered intraperitoneally;
10 /g body weight of leptin was injected 2k before and 4b after
administration of hydrocortisone phosphate. Mice were sacrificed
24 h after hydrocortisone injection.

Cell culture

1 % 1 cells/ml of T cell hybridoma A3-4C6 [26] were cultured in
RPMI 1640 supplemented with 10% fetal calf serum, 100 units/ml
penicillin, 100 prg/ml streptomycin, 0-25 yg/ml amphothericin B,
2mM L-glutamine and 0-03mM 2-mercaptoethanol, with or
without recombinant monse leptin, under conditions of KR
and 5% CO, for 24h. In the stercid-induced apoptosis experi-
meat, cells were cultured with 107 M hydrocortisone for 24 4. In
the ceramide-induced apoptosis experiment, cells were cultured
with 10 pg/ml C2-ceramide for 181. In another experiment, celis
were cultured for 5 h on 96-well plates (Costar 3590), coated with
anti-CD3 antibody (10 g/ml) overnight. '

Assay for DNA fragmentation

Agarose gel electrophoresis was carried out as previously
described [27). DNA was extracted from 1 x 10° cells/sample
and suspended in 20 pL of lysis buffer (10 mM EDTA, 50 mM Tris
HCl (pH80), 03% sodium-N-lauroylsarcosinate) and 1 pL of
10mg/mal RNaseA was added. Samples were then incubated at
50°C for 30min, 1L of 10mg/ml Proteinase K was added and
incubated for 30min at 50°C. Then, samples were analysed by
agarose gel electrophoresis,

Cell staining

For cell surface analysis, 1 x 10° thymocytes were stained with
FITC-conjugated anti-CD4 MoAb and PE-conjugated ami-CD8
MoAb and analysed by FACSCalibur® (Becton Dickinson), as

described previously [27]. For detection of bel-2 and bel-xL. gene
products, cells were washed and fixed in PBS containing 4%
paraformaldehyde for 20min. Cells were then washed and
suspended in staining buffer (1% BSA in PBS with (-1%
sodium azide) with 0-1% saponin, followed by incubation with
hamster antimouse-bel-2 MoAb or rat antimouse bel-xL MoAb
for 30min on ice. After washing, cells were stained with FITC-
conjugated antihamster 1gG or FITC-conjugated antirat IgG,
respectively, for 30 min on ice. After washing, cells were anatysed
by FACSCalibur®. In order to detect apoptosis, cells were stained
with 50 prg/ml of propidium iodide after fixation with 70% ethanol
for 4h at 4°C and treatment with 100 ugfml of RNaseA. After
washing, apoptotic cells were determined as the proportion of
hypodiploidal cells

Northern blotting )

Total RNA was extracted from A3-4C6, spleen and thymus
cells using TRIzol® reagent. Samples of 15ug of RNA were
applied to each lane. After electrophoresis, RNA was transferred
1o a nylon membrane and hybridized with a %p.Jabelled mouse
bel-xL specific cDNA probe. Autoradiography was performed
for 244 and analysed using BAS 2000® (Fuji FPhoto Film, Tokyo,
Japan}).

RESULTS

To clarify the involvement of leptin in the immune response, we
first confirmed the expression of leptin receptor messenger RNA
in lymphoid tissue. Both short and long isoforms of the leptin
receptor, Ob-Ra and Ob-Rb, were detected in the spleen, thymus
and bone marrow by RT-PCR (Fig. 1).

Next, we investigated the effect of leptin on the number
of lymphocytes detected in fasted mice. After 60h of fasting,
decreased numbers of thymocytes and splenocytes were detected
(Table 1). In the thymus, the CD4*CD8" T cell population
decreased dramatically from 85% {control) to 25% in fasted mice
(Fig. 2a). On the other band, the proportion of CD4 and CD3
single-positive T cells did not differ among the spieens of fasted
and fed control mice (data not shown). Repeated injection of
leptin reduced the observed decvease in lymphocyte numbers
within the thymus of fasted mice, particularly that of the
CD4'CD8' T cell population (Table 1, Fig. 2a). The protective
effect of leptin was observed to be dose-dependent (Table 1,
Fig. 2a). However, one area that remained unclear was whether
leptin exerted a direct effect on lymphocyles, or whether it
exerted its effect through an indirect mechanism, for example, by
counteracting the endocrinological disturbances associated with
fasting.

Fasting s widely known to cause the stress-induced release
of several hormones in vivo [28]. In particnlar, a steroid hormone
derived from the adrepal glands is suspected to play an important
role in fasting-induced lymphopenia because lymphocyte
numbers do not decrease in adrenectomized mice, even during
fasting [29). To investigate the effect of leptin on the steroid-
induced cell death of lymphocytes, hydrocortisone was intraperi-
toneally injected (200ug/g body weight) into mice, with or
without leptin (10pg/g body weight). As noted during fasting,
steroid injection decreased the number of lymphocytes, particu-
larly CD4*CDS*T lymphocytes, within the thymus Injection of
leptin inhibited the steroid-induced decrease of thymocytes and
splenocyte numbers (Tabte 1) and reversed the observed decline

@ 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 128:21-26
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in CD4*CD8* thymocyte numbers (Fig. 2b). This result is consis-
tent with the observed effect of leptin in Fasted mice. Moreover,
DNA fragmentation of thymocytes in steroid-injected mice was
prevented by leptin administration (Fig. 3). In contrast, when
feptin-receptor-defective db/db mice were treated with hydrocor-
tisone, the proportion of CD4'CD8* T cells within the thymus
decreased, as was observed for normal mice, but the change was
not reversed by injection of leptin (Fig. 2c). This result indicates
that the protective effect of leptin against the decline in lympho-
¢yte numbers is related specifically to the binding of leptin to its
receptor. When combined, these results strongly suggest that
leptin can reverse the decline in T cell numbers due to fasting by
preventing steroid-induced apoptosis of lymphocytes by binding
to its receptor.,

23
bona
spieen thymus  mamow kidney
Ob-Ra
(short form)
Ob-Rb
(long form}

Kig. 1. The leptin receptor is expressed in lymphocytes. Short and long iso-
forms of the leptin receptor, Ob-Ra and Ob-Rb, were detected by REPCR
in lymphocytes of the spleen, thymus and bone marrow. Kidney served as
a positive contrel for expression of the leptin receptor.

Table 1. Leptin recovers the decrease in lymphocytes observed in starved and steroid injected mice

Thymus Spleen
Treatment Thymocytes Double positive thymocytes Splenceytes (x10F)
Untreated 1770+ 208 1540+ 254 125.0 % 4.80
Starved 182+115 512+529 1571615
Starved and leptin treated (1 p2/g) 258 £10.1 101+ 6.20 28.1+103
Smrved and leptin treated (104g/g) 4521379 277422 50.8+829
Untreated 1010+ 6.42 830526 159.0 £ 66.1
Hydrocortisone treated 121£525 239+ 3.00 65.0£163
Hydrocortisone and leptin (10 mg/g) treated 24.1 530 9.87+5.21 102.0+£13.1

The mice were treated as described in the Materials and methods section. Data are represented as the mean £ 5.d,, n =3 per group.

(a) fed starved for 80t (b) - leptin and
PES loptin 1gglg  leplin 10,9/g l hydsocortisons  pydrocortisone
3 85 7t 18 T}
[+-} [-+J
=] =]
o . J e O
9 I 52} [ilg % |
cD4

(C) leptin and
PBES hydracortisona hydrosortisone ‘
o
(=
Q
CO4 l

{d)

Hydrecottisons

Littermate

Transgenic

Fig.2. (2) Leptin reverses the decrease in CD4"CDE thymocytes normally observed in fasted mice. (b) Leptin protects against steroid-
induced apoptosis of CD4°CDE* thymocytes. (¢) Leptin canaot rescuc thymocyies of dk/db mice from steroid-induced apoptosis. (d) Thy-
mocytes of ieptin transgenic mice are resistant to steroid-induced apoptosis. This figare represents one of three separate experiments in
which similar results were obtained. The percentage of Suorescence-positive cells that were detected is indicated in the corresponding

squarcs.

© 2002 Blackwe!ll Science Ltd, Clinical and Experimenial Immunology, 1282126

-486-



24 Y. Fujita et al.

Fig.3. Leptin prevents DNA fragmeantation ia thymic T cells induced by
steroid administration.

Next, we used leptin transgenic mice to confirmi the anti-

apoptotic effect of leptin on thymocytes. Plasma leptin concen-
wrations in leptin transgenic mice are approximately 12-fold
higher than those of non-transgenic littermates [12]. In the
present study, no differences in the surface markers of lym-
phocytes in the spleen, thymus and bone marrow were observed
between leptin transgenic mice 2nd pon-transgenic littermates
(data not shown), However, when hydrocortisone was injected
into leptin transgenic mice and non-transgenic littermates, lower
levels of CD4*CD&* thymoeytes were not found in the leptin
transgenic mice compared to non-transgenic littermates (Fig. 2d),
supgesting that the thymocytes of leptin transgenic mice are pro-
tected from steroid-induced apoptosis by maintaining elevated
plasma leptin levels.

To clarify the mechanism by which leptin prevents steroid-
induced apoptosis, we performed in vitro experiments using a
murine T cell hybridoma, A3-4C6 [26]. This hybridoma has been
shown to be specific for sperm whale myoglobin and to express
the leptin receptor (data not shown). After incubation with leptin
for 24h, followed by an additionzl 24 h with hydrocortisone,
apoptotic cells were examined by flow cytometric analysis. Leptin
decreased the proportion of apoptotic cells in a dose-dependent
manner (Fig. 4a). In contrast, the anti-CD3 antibody-induced
apoptotic death of T cells was not prevented by leptin (Fig. 4c),
supgesting that leptin is involved in steroid-induced apoptosis but
not in activation-induced cell death.

Recent studies have revealed that ceramide is likely to be one
of the several second messengers involved in steroid-induced
apoptosis [30]. To investigate whether leptin is effective in
preventing ceramide-induced cell death, apoptosis of A3-4C6
induced by N-acetylsphingosine (C2-ceramide) was examined.
Leplin decreased the number of apoptotic cells induced by
ceramide in a dose-dependent manner (Fig. 4b), as it did follow-
ing steroid-induced apoptosis (Fig. 4a). These results suggest the
possibility that leptin prevents steroid-induced apoptosis down-
stream of ceramide.

Hydrocortisone 105

(a) control
49 14 12 11
(b) C2-ceramide 10ug/ml comrol
ES? 19 16 5
©) anti-CD3 10 pxg/ml controt
!35 a7 39 12
{'n';‘,’,i‘,} 0 10 1000

Fig.4. Leptin prevents apoptosis induced by steroid (a) and ceramide
{b), but does not prevent that induced by ani-CD3 MoAb (c). Tae T
cell hybridoma, A3-4C6, was preincubsted with or without leptin and
apoptosis was induced. The proportion of apoptotic cells was analysed by
FACSCalibur® and is shows in figures.

As Ob-Rb displays bomology with gpl30, a common signal
transduction molecule, leptin is thought to activate STAT3 in the
same way as does gpl30 receptor signalling [16). Recent studies
have revealed that STAT3 binds to the promoter region of bel-
%L an aptiapoptotic molecule of the bel-2 family, and thereby
enhances transcription of the protein [31}. We therefore investi-
gated the possibility that the anti-apoptotic activily of leptin can
be attributed to increased expression of bel-xL. following activa-
tion of STAT3. We performed flow cylometric analysis and North-
ern blotting to confirm bel-xL expression at both the protein and
messenger RNA level. When the T cell hybridoma A3-4C6,
expressing Ob-Rb, was incubated in the presence of leptin for
244, expression of cytoplasmic bel-xL. protein was significantly
increased in a dose-dependent manner (Fig. 5a). Moreover, bel-
xL messenger RNA in A3-4C6 was enhanced by leptin in a dose-
dependent manner (Fig. 5b). Consistent with the results of in vive
experiments, bel-xL. messenger RNA was enhanced within the
spleen and thymus of leptin-injected mice (Fig. 5¢).

DISCUSSION

The mechanism by which malnutrition leads to immunodeficiency
is ot fully understood. However, leptin has been reported to be
the key link between fasting and immunodeficiency [20], and to
inhibit thymocyte apoptosis both in vive and in vitro 32]. As
fasting increascs the production of steroid hormones, it may
induce apoptosis of T cells. The preseat study offers compelling
evidence that leptin inhibits the decline in lymphocyte numbers
that pormally accompanies fasting, in addition to T cell apopto-
sis following steroid injection. The evidence further suggests that
leptin protects lymphocytes through up-regulation of bel-xL via
leptin receptors on lymphocytes. Only one-third of T cell
hybridoma cells expressed bel-xL. after leptin stimulation and the
observed increase in expression of the bel-xL gene was not as dra-

@ 2007 Blackwell Science Ltd, Clinical and Experimental Immanology, 128:21-26
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matic as that observed following leplin stimutation of fasted mice
(Fig. 5). These data suggest that bel-xL. alone is not responsible
for the observed inhibitory effect of leptin. Fasting increases the
level of steroid hormone within the serum and decreases the
amount of circulating Jeptin {28). both of which can accelerate
apoptosis of lymphocytes and impair the immune response.

in contrast to a previous report that found an association
between obesity, immune suppression and the presence of infec-
tious disease ]33] and cancer [34), our results suggest that obesity
might confer resistance to infection. This paradoxical observation
can be explained by considering the possibility that the leptin
signal is less transducible in obese patients.

Ceramide is geperated by hydrolysis of sphingomyelin fol-
lowed by activation of acidic sphingomyelinase. It functions as
an intracellular second messenger, mediating the sphingomyelin
signalling pathway. Recently, ceramide has been examined as a
common intermediator of several apoptotic stimuli, including
steroid administration [30]. However, it is not involved in
Fas-induced apoptosis [35,36]. The apoptotic effect of ceramide is
due to its induction of cytochrome c release from mitochondria
[37). The bel-2 gene family can inhibit ceramide-induced apopto-
sis [38,39].

The present study confirms the findings of reduced numbers
of lymphocytes in fasting, and illustrates that leptin prevents the
decline in lymphocytes during fasting, in addition to preventing
apoptosis of T cells following steroid injection {32]. This may be
explained partly by the ability of leptin to up-regulate bel-xL.

(a}
tngimi ) i ] 1 10 100
% 207 24.9 339 342
2 f— —t |
k]
bol-d >
(b} (c)
A3.4C8 Jymus _spleen
Leplin 0 1 10 100  (ng/mD) Lepin © 10 0 10 (xgh)
§ bobd bkt
(A

Fig.5. (a) Leptin induced bel-xL protein in the T ccll hybridoma, The T
cel hybridoma, A3-4C6 was incubated in the presence or absence of leptin
for 24h. Expression of the bel-xL gene was detected with cell-staining
using antibel-xL. MoAb and & fluorescent conjugated second antibody. The
dotied line indicates cell staining using the fuorescent conjugated anti-
body without antibcl-xL MoAb. (b} Expression of bal-xL messenger RNA
is enhanced by leptin. A3-4C6 were incubated with graded concentrations
of leptin for 24h and RNA was extracted as described in the materials and
methods section. (c) C57/BL6 mice were injected with either PBS or leptin
(10 ) and RNA was extracted from the thymus and spleen 24k later.
Northers bloting was performed as described in the materials and
methods section. The 288 ribosomal RNA bands were stained with cthid-
ium bromide and are shown in the lower pancels of this figure. The relative
band intensities of bol-xL are indicated by assignment of arbitrary units
(AU).

through the leptin receptors on lymphocytes However, leptin
might not be able to rescue a T cell hybridoma from activation-
induced cell death through CD3 stimulation, which is known to
involve Fas and the Fas ligand {40-42]. The different effects of
leptin on steroid-induced apoptosis and activation-induced cell
death might be explained by the bel-2 related gene products,
which prevent apoptosis downstream of ceramide.

Leptin was found originally to modulate body weight but,
more recently, it has become recognized as an immune regulator.
Administration of leptin to fasted mice has been observed to
reverse impatrment of T cell function [20]. Although the present
study illustrates that leptin inhibits the stress-induced apoptosis
of T cells, other effects with regard to immunity remain unclear.

As shown in the present study, lvmphocytes can be preserved
during fasting by administration of exogenous leptin. This sug-
gests that leptin might be used therapeutically to treat immunod-
eficiency caused by severe malnutrition and cachexia in cancer
and A1DS patients. Such applications may be assessed by further
investigation using mouse models of A1DS [43]. On the other
hand, it is possible that the anti-apoptotic effects of leptin might
result in autoreactive T cells and lead to the development of
antoimmune disease, The possibility that leptin might lead to
autoimmunity is currently under investigation using our leptin
transgenic mice.
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Background: The control of body weight and cardiac sympathetic function in patients with obstructive
sleep apnoechypopnoea syndrome {OSAHS) are important because both factors have significant
effects on the mortality of these patiants. It has recently been reported that OSAHS has a significant
effect on the secretion of leptin, a hormone involved in the control of boda; weight and sympathetic
nerva activity. In addition to the circadian rhythm of leptin secretion, the effects of one night of treat-
ment with nasal confinseus positive airway pressure (nCPAP) and the mechanism of the effects of
nCPAP on nocturnal lepfin secrefion in patients with OSAHS has not yet been elucidated.

Methods: Blood samples were chtained at 21.00 hours, 00.00 hours, 03.00 hours, and 06.30 hours
fram 21 subjects with OSAHS (mean apnoea and hypopnoea index 52.4/h), with and without nCPA?
treatment. lodine123 {{'"“}metaiodobenzylguanidine [MIBG] imaging was used o evaluate
myocardial sympathetic function before nCPAP fraatment.

Results: Plasma leptin reached a peak level at 00:00 hours {p<0.01) in patients with GSAHS, beth
with and without nCPAP freatment. The first night of nCPAP treatment significantly decreased the
plasma leptin levels ot 03.00 hours (without nCPAP: mean [SE] 21.6 [4.7] ng/mi; with nCPAP: 19.3
{4.1) ng/ml, p<0.02) and at 06.30 hours |without nCPAP: 17.6 (3.8 ng/mi; with nCPAP: 15.2
{3.2) ng/ml, p<0.01). The magnituds of the decrease in leptin levels after nCPAP freatment was signifi
cantly correlated with cardiac sympathetic function measured befare nCPAP ireatment (p<0.03).
Conclusions: Patients with OSAHS undergo nocturnal increases in leptin levels in spite of interruption
of sleep due to opnoea and hypopnoea, a frend seen in narmal subjects. Plasma leptin levels in pafients
with OSAHS decreased significantly after the first night of nCPAP reatment. Enhanced cardiac sympo-

thetic function in thess patients may contribute to the leptin levels before nCPAP treaiment and vice
versa.

are both clinically important in patients with obstrue-

live sleep apnoea-hypopnoea syndrome (QOSAHS) be-
cause they have significant effects on the morbidity and mos-
tality of such patients. Leptin is a circulating hormone that is
expressed abundantly throughout the body—specifically in
adipose tissue,* although it is also secreted from other Lissues
including human placenia and stomach.*’ Leptin induces a
complex response that affects control of body weight and
energy expenditure.' ¥t has recently been reported that circu-
lating plasma leptin levels are raised in men with pewly diag-
nosed untreated OSAHS.** Earlier studies of nasal continuous
positive airway pressure (RCPAP) in the treatment of patients
wilh OSAHS suggested that OSAHS has a significant impact
on serum leptin levels, with significan(ly decreased levels fol-
lowing nCPAP treatment of 3—4 days, 1 month, and 6
months.* * However, these studies did not report the first night
effects of nCPAP on serum leptin levels. Patients with OSAHS
have significantly higher muscle sympathetic nerve activity
{MSNA) than controls,” but significantly decreased MSNA
and blood pressure during sleep have been reporied after the
first night of DCPAP treatment.” It is therefore possible that
changes in serum leptin levels occur afier only one night of
nCPAP In addition 1o the effects of one night of treatment
with nCPAP it is unknown whether a nociurnal increase in
serum leptin levels (as occurs in both lean and ebese subjects)
also occurs in patients with OSAHS."” We have therefore stud-
ied the nocturnal variation in plasma leptin levels and the first
night effects of RCPAP Lreatment in patients with OSAHS.

C ontroel of body weight and cardiac sympathetic funciion

-490-

It is also important 10 undersiand the mechanism which
drives these changes in leptin levels because leptin has been
reporied (o be associated with an increased risk of myocardial
infarction, haemorrhagic stroke, and abonormal fibrinolysis in
men and postmenopausal women.*"* Although a relationship
between leptin levels and MSNA in patients with OSAHS has
not becn found,* MSNA levels do have a significant positive
correlation with leptin concentrations in healihy non-diabetic
men.” We have therefore studied the relationship between the
changes in plasma leptin levels and cardiac sympathetic nerve
function.”

METHODS

Subjects

Twenly one men of mean (SE) age 45.0 (2.4) years and body
mass index {BMI) 289 (0.8} kg/m’ with OSAHS (apnoca-
hypopnoca index (AHI) 524 (3.4) episodes’t) underwent
DCPAP treaument. Polysomnography was performed™ " before
nCPAP was started and again on the first night of nCPAP
treatment. There was a 1 week interval between the two poly-
somnographic examinations. OSAHS was established on the
basis of clinical and polysomnographic criteria.” " In addition
16 clinical symptoms, an AHI of >20 events/hour was used as
a selection crilerion because these patients were good
candidates for nCPAP treatment. Six of the patients had
hypertension (five of whom were prescribed antihypertiensive
drugs), four had diabetes (one of whom was prescribed a glu-
cosidase inhibitor while the others received only diet therapy),
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and 1wo patients had both hyperiension and diabetes (one
patient reccived an antihypertensive drug and an oral
hypoglycaemic agent; the other was on antihyperiensive drugs
only). No patient was given subcutaneous insulin. These
treatment regimens had been adhered to scveral months
before nCPAP therapy was started. Control Yeptin samples
were cblained at night {n=21) and in the morning {n=5)
from the patients.

The swudy was approved by the Institutional Commitiee for
the Protection of Human Subjects and all patients gave
informed consent before the study.

Polysomnography

Polysomnography was statied at 21.00 hours and ended at
06.30 hours. Surface electredes were applied using standard
techniques 10 obtain an electroencephalogram, an electromye-
gram of the chin, an elecuecardiogram, and an electrooctilo-
gram. Sleep was defined according to the criteria of Rech-
tschaffen and Kales." Venuilation was monitored by inductive
plethysmography {Respitrace; Ambulatory Monitoring, Ardsley,
NY, USA). Airflow was monitored by (hermistors {(Nihon
Kohden, Tokyo, Japan) placed at the nose and mouth, while
arterial oxygen saturation (Sao,) was monitored continuously
with a pulse oximeter {Pulsox-7; Minolla, Osaka, Japan). A
polvgraph (Polygraph System RM-6000; Nihon Kohden, Tkyo,
Japan) was tun continuously at 10 mmys to record all of the
above physiological data simultaneously throughout the course
of the experiment. All parameters were stored in a data recorder
{A-621; Sony Precision Technology, Tokyo, Japan) for subse-
quent analysis. Before blood sampling at 21.00 hours and 06.30
bours, blood pressure was measured three times and the mean
value was calculated. The nCPAP pressure was litrated manually
throughout one night. Apnoca was defined as the cessation of
airtlow at the nose and mouth lasting for more (han 10 seconds.
Hypopnoea was defined as a decrease of 50% or more in thora-
coabdominal motion associated with a fall in the baseline oxy-
gen saturation of 4% or more. All AHT values were calculated to
express the number of episodes of apnoea and hypopnoca per
hour of total sleep lime.

Blood sampling and analysis
Patients ingested a light hospital meal in the evening. From
20.00 hours Lo 06.30 hours on the following day the palients

www.thoraxjnl.com
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did not eal or drink anyihing. Before polysomnography an
18-gauge catheter was inserted into the right antecubital vein.
The catheter was connected 10 tubing, extended sufficiently so
as not 1o disturb sleep, and locked by heparinised saline. Blood
samples were withdrawn for analysing leptin, glucose, and
immunoreactive insulin {IRT) at 21.00 hours, $0.00 hours,
03.00 hours, and 06,30 hours. In five of the 21 patients blood
samples were taken at two separaie times 06.30 hours before
nCPAP trealment was initiated. Blood samples were immedi-
ately centrifuged at 4°C for 10 minutes and stored at ~80°C for
later analysis.

MIBG imuaging

Iodine-123{*"1)-meta-iodobenzylguanidine (MIBG) imaging
has been used to evaluate myocardial sympathetic function in
various cardiac diseases.” ™ The patients underwent "I-MIBG
cardiac imaging afler polysomnography without nCPAP treat-
meni. Bach subject reccived 30 mg potassium iodine on the
day before the study began, continuing until the day after the
study ended in order Lo block tracer uptake by the thyroid
gland. Using a gamma camera equipped with a low erergy.
paraliel hole, general purpose collimator, planar images were
obtained al test in the anterior view over a 3 minute interval
at 15 minutes {early image) and 3 hours (delayed image) after
an injection of 111 MBq MIBG. The regions of interest within
the heart were set manually on these planar images. The mean
heart counts from the early image and from the delayed image
were calculated. On the planar images a region in the upper
mediastinum was used 1o calculate (he mean mediastinal
counts, The heart to mediastinum count ratios were calculated
as an index of the myocardial uptake of MIBG. The heart to
mediastinum count raiios from the early image (H/M early)
and from the delayed image (H/M delay) were used as indices
of cardiac sympathetic function.” *

Assays

The plasma leplin level was measured by radioimmunoassay
{RIA} with intra-assay and interassay coefficients of variation
of 5.3% {o=10) and 5.9% {n=10), respectively.” Serum levels
of IRT were measured by RIA {Insulin-RIA-beads IT, Dainabol,
Tkyo, Japan) and plasma glucose was determined by an
enzyme method (Glu-L 2; Wako Chemical, Osaka, Japan).
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Figure 1 Noclurnal profiles of plasma laptin levels. Plasma leptin
levels at 03.00 hours {*p<0.02) and 06.30 hours ($p<0.01}
decreased significantly with nCPAP reatment. A peulffevel was seah
at 00.00 hours which decrsased significanfly on both nights of the
study. Plasma leptin levels ot 00.00 hours with and without nCPAP
freatment were significanfly higher than the immediate values at
21.00 hours and 03.00 hours. Statisfical analysis wos performed by
the Friedman test and Wilcoxon signed rank tast and Intragroup
analysis was performed using the Wilcoxan signed rank test.

Data analysis

The data are presented as mean {SE) values. A non-parametric
method was used for data analysis. Changes in plasma leptin
levels during sleep were compared using the Friedman test. If a
significant difference was found, differences between the peak
values and the immaediate values (before and afier peak values)
were compared by (he Wilcoxon signed rank test, as were paired
data of plasma leptin, glucose, and serum TRI concentrations al
each sampling time before and afier nCPAP treatrnent. The
plasma leplin levels measured at wo separate times in five of
the subjects ai 06,30 hours were also compared using the
‘Wilcoxon signed rack test. Spearman rank correlation coeffi-
cients were calculated to analyse the correlation between
variables. These calculations were performed wsing StatView
software for Windows {Version 4.5; Abacus Concepis, Berkeley,
CA). A p value of <0.05 was considered significant,

RESULTS
Anthropometric data, arterial blood gas tensions, and spiro-
melric data are presented in table 1. The effects of nCPAP
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Figure 2 Correlation between [A) early heart lo mediastinal count
rafics, an index of myocardial uptake of MIBG [H/M early), and the
magnifude of changes in plosma leptin levels {Aleptin} at 06.30
hours befors and cher nCPAP reatment {r = ~0.50, p=0.027}; ond
B) correlation between dal heart ko mediastinal count ratios
H/M delay] and Aleptin at 06.30 hours before and after nCPAP
reatment {r = -0.55, p=0.014}.

treatment ont OSAHS are shown in table 2; sleep apnoea, noc-
turnal oxygen saturation, blood pressure, and skeep architec-
ture all showed improvements.

Nocturmnal profile of plasma leptin fevels

On each night the control leptin levels at 21.00 hours (before
sleep) were the same (before nCPAE 24.5 (5.6) ng/ml; just
before an application of nCPAP 23.2 (5.6) ng/ml, p=0.39).
Plasma leptin levels measured at 06.30 hours befote nCPAP
treatment at two scparate Llimes in five patients were not sig-
nificantly different from one another {first sample: 12.0
(3.6) ng/ml; second sample: 12.0 {4.1) ng/m}, p=0.85). The
nocturnal profile of plasma leptin levels at 21.00 hours, 00,00
hours, 03.00 hours, and 06.30 hours in patients with OSAHS
with and without nCPAP treatment are shown in fig 1. The
trend towards a nocturnal increase was seen both with and
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Figure 3 Nochurnal profiles of [A} serum immuncreaciive insulin
Jovels and (B} plosma glucose levels. No significant difference was
seen In serum immuncreactive insufin levels with and without nCPAP
ireatment ot each sampling time; plasma glucose levels were
significantly decrease wi?h nCPAP treatment at 06.30 hours
[*p=0.027).

without nCPAP treatment. On both nights plasma leptin levels
peaked at 00.00 hours (p<0.05). On the first night of nCTAP
treatmeni plastma leptin levels decreased significantly at 03.00
hours {without nCPAE 21.6 {4.7) ng/ml; with nCPAR 19.3
(4.1} ng/m, p=0.016) and at 06.30 hours {without nCPAF,
17.6 (3.8) ng/ml; with pCPAT, 15.2 (3.2) ng/ml, p=0.009}. The
magnitude of changes in leptin levels with and without nCPAP
wreatment did not correlate significandy with the magnitude
of changes in any paramelers during polysomnography
including AHI and blood pressure {table 2).

MIBG scintigram

H/M early and H/M delay did not correlale significantly with
serum leptin levels at any point before or after nCPAP
(reatment. The results of MIBG scintigraphy before nCPAP
wreatment and the magnitude of the difference in plasma lep-
tin levels before and after nCPAF treaument ¢ Aleptin) showed

www.thoraxjnl.com
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a corrclation only at 06,30 hours (H/M early: r = -0.50,
p=0.027; H/M delay: 7 = ~0.55, p=0.014; fig 2}.

Neoctumnal profile of glucose and insulin levels

Noclurnal plasma glucose and serum IRI levels were
measured in 19 of the 21 patients (fig 3). AL 21.00 hours, about
3 hours after the evening hospital meal, plasma glucose and
serum IRI showed no significant differences with or without
nCPAP treatment, but a significant difference was seen in the
plasma glucose level at 0630 hours between those treated
with nCPAP and those not treated {p<0.05, Wilcoxon signed
rank test}.

DISCUSSION

We have shown that the nocturnal rise in the plasma leptin
concentration is seen in patients with OSAHS whether or not
they receive nCPAP treatment. Afier the first night of
treatment with nCPAP (he plasma leptin concentral ion
decreased significantly at 03.00 hours and at 06,30 hours,
although the control levels at 21.00 hours (before sleep) were
the same. We have also-shown that H/M early and H/M delay
{indices of myocardial MIBG uptake showing cardiac sympa-
thetic function and integrity of the heart) werc significantly
correlated with the magnitude of the decrease in the plasma
leptin level al 06.30 hours cornpared with the level before
nCPAP (reatment—ihat is, plasma leptin levels in OSAHS
patienits who had exacerbated cardiac sympathetic function
before nCPAP treatment decreased in proportion 1o the mag-
nitude of their exacerbated cardiac sympathelic function
activity before starting nCPAF treatment.

We have previously reported that plasma leptin levels
decreased in the morning afler treatmeni with nCPAP for 34
days, 1 month, and 6 months.? It has recently been reported
that serum leptin levels are significantly increased in patients
with OSAHS compared with age and weight matched
controls.~ and these levels were found to decrease signifi-
cantly afier 6 months of treatment with nCPAP* * However, the
precise timipg of the fall in leptin levels after the intreduction
of nCPAP treatment has remained uncertain, In this study we
have shown that plasma leptin levels begin to decrease during
the first night of treatment with nCTAR Although the AHI on
the first night of wreatment was small (table 2), it is possible
that plasma leptin levels might decrease significantly with
nCPAP treatment before 03.00 hours if nCPAP Litration was
more perfect decause the data during the first night of
{reatment—especially in the early part of the polysomno-
graphic study—are often imperfect.

The nocturnal increase in plasma leptin levels was seen in
patients with OSAHS both with and without nCPAP
treatment—a trend seen in both lean and obese subjects.” It
has been reported that there is a correlation between the diur-
nal rhythm of leptin and meal times= However, the meal
times of the paticnts before and afler nCPAT were the same in
our siudy, so our patienis showed pocturnal increases in
plasma Ieptin levels despite sleep fragmentation due to AHL
although the lepiin levels at 03.00 hours and 06.30 hours
decreased significantly after one day of nCPAP treatment.

From the results of the cardiac MIBG scintigram and
plasma leptin levels before and after nCPAP ircatment, the
decrease in plasma leptin levels seen after one day of
treatment niight be explained by the effect of nCPAT on sym-
pathetic nerve activation, This, together with the cffects on
blood pressure found in this study, is consisient with another
feport suggesting that nCPAP decreases MSNA and blood
pressure during sleep.' Previous reporis have also shown that
increased cardiac sympathetic function is improved afier one
month of nCPAP treatment.™ In addition, Snitker & al”
reported that MSNA levels had a significant positive
correlation with leptin concentrations in healthy non-diabetic
men The decrease in sympathetic nerve activity due 1o nCPAP
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treatment might therefore atso reduce serum leptin levels. On
the other hand, several reports have shown that leptin admin-
isiration increases sympathelic nerve activity,” * and it has
recently been teporied that lepiin may play a role in the
pathogenesis of some forms of obesity related hypertension.™
Decreased leptin levels in patients with OSAHS following
treatment with nCPAP might therefore improve sympathetic
perve activily including blood pressure {table 2). Further
studies are nceded (o determine wheiher the decrease in
serum leptin levels improves the sympathetic nerve activity or
whether improved sympathelic nerve aclivity causes scrum
leptn levels 1o decrease. Although nCPAP Lreatment signifi-
cantly improves AHL REM time %, and the severity of hypox-
aernia, as indicated by the percentage of time with Sao, <85%
or 90% and blood pressure {1able 2), these measurements were
not correlated with the decrease in the serum leptin levels.
Further research is therefore also required 1o determine the
factors (hat significantly impact on serum leptin levels.

The plasma glucose level was found to be reduaced ai 06.30
hours after one night of nCPAP treatment, but IRI levels did
not change. From these results we speculate that insulin
activity for glucose also improved after the firsi night of nCPAP
weatment. It has been reporied that exeogenously adminis-
tered leptin improves insulin activity™™; in owr study the
insulin activity for glucose improved in spite of decreased lep-
1in levels, Phillips er aF recently reporied that OSAHS may be
accompanied by further resistance to the metabolic effects of
leptin, greater than the fesistance evident in cbesily alone.
Further improvements in leptin resistance o the metabolism
of insulin and glucose afier nCPAP treatment might therefore
enhance Lhe action of insulin on glucose more than the
decrease in leptin levels.

The primary limitation of our study was that blood samples
were obtained only four times while the serum leptin leyel
cycles every 7 minutes. ™ However, the nocturnal profile of the
Ieptin levels before and afier nCPAP (reatment was the same
as in previously reporied studies,' ** although the levels at
03.00 hours and 0630 hours decreased significanily afler
nCPAP treatment. The serum leptin levels therefore appear 1o
be accurate despite the longer sampling intervals.

A second limitation of this study is thal there was no statis-
tcally significant correlation between MIBG uptake before
treatment and any of the eight measurements of plasma lep-
tin before and after nCPAP treatment, and Aleptin was signifi-
canlly correlated with the early and delayed MIBG uptake al
06.30 hours only. Confidence in the significance of Aleptin at
06.30 hours may iherefore be reduced by the amount of
slatistical testing performed. and the relationship between
Teplin levels and cardiac sympathetic function should be stud-
ied further, including Tong term effects of nCPAP treatment on
leptin levels and MIBG scintigraphy.

Ideally, we would have liked to have done complementary
studies of leptin and glucose measurements in weight
matched subjects without OSAHS during a single night of
sham nCPAR However, it is difficull to find weight matched
subjects withoul OSAHS in Japan because East Asian subjects
are more likely to develop OSAHS at a lower BMI than West-
ern subjects.” The control leptin levels corresponding Lo the
two measurements al 21.00 hours and the (wo measurements
at 6.30 hours were the same before nCPAP treatment, but fol-
lowing nCPAP ueatment the serum leptin levels decreased
significantly at 03.00 hours and 06.30 hours. Treatment with
nCPAP for one night therefore significantly lowered the leptin
levels, although no weight maiwched control subjects were
studied.

A [urther limitation of this study is that no women were
included. 1t has been reporied that the circulaling concentra-
tion of leptin is significantly higher in both premenopausal
and postmenopausal womeri than in men, even when the Jev-
els were corrected for differences in BMI or percentage body
fat (premenopausal women > posimenopausal women >
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men).® The changes in leptin levels with and without nCPAP
ireatment would therefore have been different if women had
been included in the study. Although the overall resulis would
have been similas, further studies are needed 10 apply the
results of this study 10 women.

This study has shown that decreased serum leptin levels in
the morning may be a marker of improved cardiac sympa-
thetic nerve function. This finding has clinical relevance in
light of the negative associations of increased lepiin levels—
ramely, an increased risk of myocardial infarction,” haemor-
srhagic stroke,® and abnormal fibrinolysis in men and
posimenocpausal women.* It has also been reporied that
hypercoagulable states are improved by nCPAP treatment.”
Although leptin levels change according 1o body weight'* and
with meal times,” continuous mecasurement of leptin levels
before and after the initiation of nCPAP treatment, in addition
1o the measurernerit of body weight, may prove helpful in
evalualing the prognostic factors and efficacy of Lreatmemt in
patients with OSAHS.
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Ghrelin is an acylated peptide, whose lipid modification is
essential for its biological activities. Previous studies demon-
strated that it strongly stimulates GH release and hasa potent
orexigenic action. Meanwhile, there is enough evidence show-
ing that feeding states influence plasma ghrelin levels. Fast-
ing stimulates ghrelin secretion, and feeding reduces plasma
ghrelin levels. In this study we examined the regulation of
plasma ghrelin by fasting in genetically obese animals con-
sidering its molecular forms. Plasma levels of active form of
ghrelin as well as those of total ghrelin were reduced in ob/ob
and db/db mice compared with those in their control mice.
Zucker fatty (fa/fa) rats also showed lower plasma ghrelin

levels by fasting than the control rats. Insulin-induced hypo-
glycemia, however, stimulated ghrelin secretion in the fasted
fatty rats. Moreover, glucose injection was revealed to reduce
plasma ghrelin levels in rats. The effect of the severity of
obesity on secretory regulation of ghrelin was also studied.
Older fatty rats showed low plasma ghrelin levels even after
48-h fasting. These data suggest that the shori-term secretory
regulation of total ghrelin and the active form of ghrelin is
delayed in obese animals and that blood glucose levels may be
involved in the delayed regulation. (Endocrinology 143:
3341-3360, 2002)

HE CRUCIAL discovery of ghrelin has provided insight
into the novel regulatory system of GH release (1).
Artificial compounds named GH secretagogues (GHSs) re-
lease GH it vitro and in vive through a specific receptor (2-6).
Ghrelin was identified as an endogenous ligand for the re-
ceptor. Detailed structural analysis revealed that it is an
acylated peptide of 28 amino acidic residues (1, 7, 8). It
strongly stimulates GH release in a clear dose-dependent
manner in animals and humans (1, 9-14) in concert with
GH-releasing hormone (15). Previous studies revealed its
unique tissue distribution, that is, the stomach is the major
site of production of ghrelin, and ghrelin is also expressed in
the hypothalamus (1,16 -20), suggesting its possible involve-
ment in energy homeostasis as well as in GH release (21).
Consistent with this hypothesis, GHSs and ghrelin stimulate
food intake via hypothalamic neuropeptide Y and agouti-
related protein {AGRP), when it is centrally administered in
rats (22-30). Meanwhile, GFSs and ghrelin induce adiposity
in animals independently of food intake or GH release
{31, 32).
Plasma ghrelin levels are regulated by acute feeding states.
We and others revealed that plasma ghrelin levels are ele-

Abbreviations: AGRP, Agouti-related protein; BML body mass index;
C-RIA, R1A for the carboxyl terminal; GIS, GH secretagogue; Lep Tg,
leptin transgenic; NPH, neutral protamine Hagedorn; N-RIA, RIA for
the amino terminal; RP-HPLC, reverse phase HPLC; TEA, trifluoroacetic
acid.

vated by fasting and reduced by feeding in animals and
humans (17, 25, 28, 33}. Oral glucose intake, but not stomach
expansion, reduces plasma ghrelin levels in rats (31), and
ghrelin mRNA in the gastric fundi is increased by insulin
injection (34). A few previous studies have studied the re-
lationship between chronic feeding states and plasma ghrelin
levels. Plasma ghrelin levels are reduced in obese human
subjects (35), and ghrelin mRNA expression in the stomach
is reduced in genetically obese db/db mice (34). We and
others recently reported that plasma ghrelin levels are mark-
edly elevated in patients with anorexia nervosa (17, 36).
These observations raise the idea that ghrelin may serve as
an indicator of energy deposit such as leptin.

However, these studies are lacking in structural informa-
tion of ghrelin in the altered plasma levels. Ghrelin is a
vnique hormene in that it is a 28-amino acid peptide that
contains an n-octanoyl modification on Ser®, and the lipid
modification is essential for ghrelin-mediated stimulation of
GH release. Des-acyl ghrelin, the des-n-octanoyl form of
ghrelin, has almost no biclogical activities (7, 37, 383). More-
over, although fasting and feeding seem to be the major
determinant factors of plasma ghrelin levels in subjects with
normal body weight as mentioned above, little is known
about the effect of short-term changes in energy balance on
them in obese subjects.

The present study attempt to establish the difference be-
tween obese and lean subjects in the secretory regulation of
ghrelin, considering its molecular forms. We examined
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plasma ghrelin levels in genetically obese ob/ob and db/db
mice and Zucker fatty {fa/fa) rats using two kinds of RIAs
that recognize total ghrelin and the active form of ghrelin
separately, We also examined them in leptin transgenic (Lep
Tg) mice. Lep Tg mice were recently generated transgenic
mice on a C57BL/6) background overexpressing leptin un-
der the control of the liver-specific human seram amyloid-P
component promoter (39-41). The hyperleptinemia causes
reduced food intake and disappearance of lipid from adipose
tissue in these mice. Here we show that plasma levels of both
total ghrelin and the active form of ghrelin after fasting are
reduced inob/ob and db/dbmice and elevated in Lep Tg mice
compared with those in their control mice. To study the
secretory regulation of ghrelin further, we use Zucker fatty
{fa/fa) rats and clearly demonstrate that insulin-induced hy-
poglycemia restores the reduced response of ghrelin secre-
tion in them. In addition, we show that the secretory regu-
lation of ghrelin by fasting is more reduced in older, i.2. more
obese, fatty rats. The data in this study suggest that short-
term secretory regulation of ghrelin reflects energy deposit
and that blood glucose levels are involved in the altered
regulation.

Materials and Methods

All procedures in animal experiments were approved by the Kyoto
University Graduate School of Medicine committee on animal research.
Blood samples were collected from the inferior vena cava of the mouse
or the jugular vein of the rat under anesthesia with diethyl ether urdess
indicaled. The human study was approved by the ethical committee on
human research of Kyoto University Graduate Schoel of Medicine, and
all subjects gave their written: informed consent.

Obese and “skinny” mice

Twenty-week-old male genetically obese 0b/ob and db/db and their
control (+/7) mice were purchased from Japan CLEA (Tokyo, Japan).
Generation of Lep Tg skinny mice has been reported previously (40).
Twelve-week-old female Lep Tg and nontransgenic contrel mice were
used. The transgenic mice were used as heterozygotes. These animals
were housed in a te ture-, humidity-, and light-controlled room
{12-h light/12-h dark cycle, lights on at 0B00 h) and allowed free access
to water and standard rat chow (352 keal/100 g, CE-2, Japan CLEA)
before the study. The body weight was measured, and 400 ul blood were
sampled at 110C h after 12-h fasting. Piasma ghrelin was measured using
two kinds of RIAs as described below. After blood samples were drawn,
the mice were killed by chloroformr, and the stomach was immediately
removed and frozen inliquid nitrogen. The samples were stored at —80
C until use, and then they were prepared for ghrelin RIAs as described
below. To rule out the direct effect of leptin deficiency on plasma ghrelin
levels in ob/ob mice, they were injected with leptin. Twenty-week-old
mice were purchased and housed as described above. They were ip
injected with 1.0 mg/kg leptin (PeproTech EC, Londor, UK) or saline
after 12-h fasting, and 400 pl blood were sampled 3 h after injection for
the measurement of plasma ghrelin. The effect of food restrichon on
plasma ghrelin levels was also studied. Eight-week-0ld C57/BL6 mice
were purchased and housed as described above. They were fed 70% of
the average daily food intake of the contrel mice for 14 &, and 400 pl
blood were sampled after overnight fasting for the measurement of
plasma ghrelin.

Plasma ghrelin levels in Zucker falty rats and effect of
insulin-induced hypoglycemia

Fifteen-week-o0ld genetically obese Zucker falty (fa/fz) and the control
(+/7) rats were purchased from Japan CLEA. These animals were
housed in a temperature-, humidity-, and light-controlled room (12-h
light/12-h dark cycle, lights on at 0800 h) and allowed free access to
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water and standard rat chow (352 keal/100 g, CE-2, Japan CLEA) before
the study. Theirbody weight was 542.5 * 27.2 g (mean * sb). They were
fasted for 24h for the measurement of blood glucese and plasma ghrelin.
The blood samples of the control rats were also subjected fo reverse
phase HPLC (RP-HPLC) coupled with C-RIA for the carboxyl terminal
and N-RIA for the amino terminal. Then fatty rats were s¢ injected with
8.0 U/kg human neutral protfamine Hagedormn (NPH) insulin {Hurrsulin
N, Eli Lilly Japan, Kobe, Japan) to examine the effect of hypoglycemia
on plasma ghrelin levels. About 25 pl blood were obtained 30, 60, 90,120,
and 240 min after insulin injection by making a small incision on the tail
for the measurement of blaod glucose. For the measurement of plasma
ghrelin, 600 ul blood were sampled before and after 12- and 24-h fasting
and 120 and 240 min after insulin injection. Blood glucose was measured
using One Touch H (Life Scan, Milpitas, CA), and plasma ghrelin was
measured by two kinds of RIAs.

Effect of glucose injection on plasma ghrelin levels in
fasted rats

Eight-week-old male Sprague Dawley rats were purchased, housed,
and fed as described above. Theirbody weight was200.0 £5.1 g (mean %
sn). They were fasted for 24 h and then ip injected with 2.0 mi saline or
glucose solutions containing 2.0 or 5.0 g/kg glucose. For the measure-
ment of plasma ghrelin, 600 i blood were sampled before fasting (at
1100 ), after 24-h fasting, and 90 min after injection. Plasma ghrelin was
measured by two kinds of RIAs.

Effect of severity of obesity on plasma ghrelin levels

Younger and older Zucker fatty rats were studied to determine the
effect of severity of obesity on plasma ghrelin levels by fasting. Eight-
and 30-wk-old Zucker fatty and the control rats were purchased and
housed as described above. The body weight was measured, and they
were fasted for 48 h, except for free access to walter. Then the animals
were given free access to food (standard rat chow) and water for 6 h. For
the measurement of plasma ghrelin, 600 ul blood were sampled before
and after 24 and 48-h fasting (at 1100 h) and after 6-h refeeding. Plasma
ghrelin was measured using two kinds of R1As,

Plasma ghrelin levels in obese human subjects

Seventeen obese Japanese subjects with no apparent medical llness
[body mass index (BMT), >25.0 kg/m?*} were recruited. They consisted
of nine men and eight women. Their age and BMI were 53 % 4 yr and
358 + 15 kg/m? (mean = sp), respectively. Twenty-one sex- and age-
matched control subjects were also studied. Their age and BMEwere 49
5 yr and 21.1 = 0.6 kg/m?, respectively. Blood samples were drawrn
between 0800~1000 h after overnight fasting, and plasma ghrelin was
measured by C-RIA as described below.

Preparation of stomach samples from mice

Stomach samples were prepared from mice as previously described
(7, 18). Each sample was diced and boiled for 7 min in a 5-fold volume
of water for the measurement of ghrelin. The solulion was adjusted to
1.0 M acetic acid and 20 my hydrogen chloride after boiling, and the
tissue was homogenized. The supetnatant was obtained after centrifu-
gation at 10,000 rpm for 30 min

Preparation of plasma samples

Plasma samples were prepared as previously described (1, 17). Blood
samples were immedialely transferred to chilled polypropylene tubes
containing Na,EDTA (1 mg/ml) and aprotinin (Ohkura Pharmaceutical,
Inc., Kyoto, Japary; 1000 kallikrein inactivator U/ml), and centrifuged at
4 C. For N-RIA, hydrogen chloride was added to the samples at final
comcentration of 0.1 ¥ immediately after separation of plasma.

Measurement of ghrelin

Measurement of mouse and rat ghrefin, Two kinds of polyclonal antibodies
were raised against the amino terminal (Gly'-Lys') and the carboxy!
terminal (GIn"-Arg™) of rat ghrelin in rabbits as previously described
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{7, 38). Mouse ghrelin has a completely identical structure as rat ghrelin
{Iwakura, H., and K. Hosoda, manuscript submitted). One milliliter of
the prepared plasma sample was dituted with an equal volume of 0.9%
NaCl and loaded onto a Sep-Pak C,4 cartridge (Waters Corp., Milford,
MA) preequilibrated with 0.9% NaCl. For the prepared stomach sam-
ples, supemnatant after the centrifugation was loaded onto a Sep-Pak Cy,
cartridge preequilibrated with 0.9% NaCl. The cartridge was washed
with 3.0 ml 5% CH,CN/0.1% trifluoroacetic acid (TFA) and eluted with
3.0 md of 60% CH,CN/0.1% TFA. The eluate was evaporated, lyophi-
lized, and dissolved in RLA buffer [50 m» sodium phosphate buffer (pH
7.4), 05% BSA, 0.5% Triton X-100, B0 mm NaCl, 25 mm EDTA-2Na, and
0.05% NaN;]. Two kinds of RIAs, C-RIA for the carboxyl terminal and
N-RIA for the amino terminal of ghrelin, were carried out. Two tracer
ligands were synthesized: [Tyr"Jrat ghrelin for antighrelin-{1-11) anti-
serum and [Tyr*Jrat ghrelin-(13-28) for antighrelin-{13-28). These li-
gands were radioiodinated by the lactoperoxidase methods. After ra-
diviodination, monoiodinated ligands wete purified by RP-HPLC on a
wBondasphere C,5 column (3.9 X 150 mm; Walers Corp., Milford, MA).
The tracers were stored at —20 C in 0,1% BSA. Each RIA incubation
mixture was composed of 100 pl standard ghrelin or unknown sample
and 200 gl antiserum diluted with RIA buffer containing 0.5% normal
rabbit serum. The antighrelin-{1-11) and antighrelin-(13-28) antisera
were used at final dilutions of 1:6,000,000 and 1:20,000, respectively.
After 12-h incubation, 100 ul ¥ Iabeled tracers (15,000 cpm) were
added. After an additional 36-h incubalion, 100 ul antirabbit IgG goat
serum were added. Free and bound tracers were separated after 24-h
incubation by centrifugation at 3,000 rpm for 30 min. After aspiration of
the supernatant, radicactivity in the pellel was counted with a y-counter
(ARC-600, Aloka, Tokyo, Japan). The minimal detectable quantities by
C-RIA and N-RIA were 5.0 and 0.5 fimol/tube, respectively. The in-
traassay coeffidents of variation of C-RIA and N-RIA were 6.0% and
3.0%, respectively, and the interassay coefficients of variation were 9.0%
and 6.0%, respectively. The recoveries of ghrelin were more than 95% for
both C-RIA and N-RIA.

Measurement of human ghrelin. Plasma ghrelin was measured as reported
previously (1, 17). Briefly, polydlonal antibody against the carboxyl
terminal of human ghrelin, which has an identical structure as rat
ghrelin, was used. The RIA was performed similarly as described
above.

Characterization of plasma ghrelin in Zucker control rats

Plasma ghrelin was characterized using RP-HPLC coupled with C-
RIA and N-RIA as previously described (7, 18, 34). Plasma samples of
24-h fasted Zucker control rats were prepared and loaded on the Sep-Pak
C)s cartridge as described above. The eluate was subjected to RP-HPLC
on a pBondasphere Cy, column. The RP-HFLC was petformed using a
linear gradient of CH,CN from 10-60% in 0.1% TFA for 40 min. An
aliquot of each fraction obtained by RP-HPLC was evaporated and
lyophilized, and one fifth of each fraction was subjected to two kinds of
RIAs for the measurement of ghrelin.

Data cralysis

Resulls are expressed as the mean * s unless noticed. Comparisons
between groups were performed with unpaired ¢ test. The changes in
body weight, blood glucose levels, and plasma ghrelin levels were
compared by ANOVA using Fisher’s test. Simple linear regression anal-
ysis was used to evaluate correlation between BMIs and plasma ghrelin
levels. P < 0,05 was considered statistically significant.

Results

Stomach and plasma ghrelin levels in genctically obese
obl/ob and db/db mice

Body weights and stomach ghrelin levels measured
by C-RIA and N-RIA of ob/ob and db/db and their control
mice are summarized in Table 1. The ob/ob and db/db
mice weighed 90.0% and 79.0% more than their control mice,
respectively (P < 0.005). Stomach ghrelin levels were signif-
icantly lower in these cbese mice than in their control mice
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TABLE 1. Body weights and stomach ghrelin levels measured by
C-RIA and N-RIA in genetically obese ob/ob and db/db mice, Lep
Tg mice, and their control mice (+/? for ob/eb and db/db mice
and non-Tg for Lep Tg mice)

Stemach ghrelin (fmol/mg)

BW @ CRIA N-RIA
ablob 602~ 3.7 30931 83 =13
- 317+11 60125 146=11
db/db 512 % 48° 217 +32° 52 =06
+72 286+ 2.7 383=15 8.4 206
Lep Tg 12.8 + 107 625+ 4.4 9.9 = 0.8
non-Te 171+11 547+19 131~ 05

Values are given as the mean *+ sem. BW, Body weight.
¢ P < (L005 vs. their control mice,
b P < 0.05 vs. their contral mice.

(P < 0.005by C-RIA and P < 0.05 by N-RIA, for both). Figure
1, A and B, shows plasma ghrelin levels in ob/ob, db/db, and
their control mice. Flasma ghrelin levels by C-RIA in ok/ob
and control mice were 452.5 * 254 and 646.5 = 78.0 fmol /ml,
respectively (Fig. 1A, upper panel). Those in db/db and the
control mice were 313.2 * 23,0 and 486.2 * 49.7 fmol/ml,
respectively (Fig. 1B, upper panel). The differences between
obese and their control mice were significant (P < 0.05 for
ob/oband P <0.05 for db/db). Plasma ghrelin levels by N-RIA
in ob/ob and control mice were 12.7 + 24 and 29.3 = 2.8
fmol/ml, respectively (Fig. 1A, lower panel). Those in 4b/db
and control mice were 6.1 = 0.6 and 20.3 % 1.6 fmol/m],
respectively (Fig. 1B, lower panel). The differences between
obese and their control mice were also significant (P < 0.005
for ob/ob and P < 0.0001 for db/db).

Stomach and plasma ghrelin levels in Lep Tg mice

Lep Tg mice weighed 25.1% less than the control mice
(Table 1; P < 0.005). No visible adipose tissue was found in
s¢, epididymal, mesenteric, or retroperitoneal fat depots
from Lep Tg mice, as previously described (40). Stomach
ghrelin levels in them are shown in Table 1. Lep Tg mice
showed higher stomach ghrelin level by C-RIA than the
control mice, although the difference was not significant. On
the other hand, stomach ghrelin level by N-RIA was signif-
icantly lower in Lep Tg mice compared with control mice.
Figure 1C shows plasma ghrelin levels in Lep Tg and control
mice. Plasma ghrelin levels by C-RIA in Lep Tg and the
control mice were 3680.5 = 839.0 and 1283.3 = 164.6 fmol /m],
respectively (Fig. 1C, upper panel). The difference was sig-
nificant (P < 0.05). Plasma ghrelin Ievels by N-RIA inLep Tg
and the control mice were 158.1 = 312 and 62.9 x 21.2
fmol/ml, respectively (Fig. 1C, lower panel). The difference
was also significant (P < (.05).

Effect of leptin injection in ob/fob mice

Table 2 shows plasma ghrelin levels in leptin-injected
ob/ob mice. Plasma ghrelin levels by C-RIA or N-RIA showed
no significant difference between leptin- and saline-injected

ob/ob mice.
Effect of food restriction on plasma ghrelin levels

Table 3 shows body weight changes and plasma ghrelin
levels in food-restricted and ad libitum-fed mice. Body weight



